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 ABSTRACT 
THE EFFECT OF MILLPONDS ON SEDIMENTATION IN A POST-GLACIAL MID-
COAST MAINE RIVER VALLEY  
Stephanie R. Strouse 
Advisor: Noah Snyder 
Dam-influenced streambank morphology has not been studied extensively in rivers in 
deglaciated landscapes with high densities of colonial-era milldams. Fluvial restoration in 
the eastern U.S. often focuses on understanding pre-Colonial floodplain processes. 
Recent work by Walter and Merritts (2008a) in the Piedmont of the U.S. mid-Atlantic 
region suggests milldams significantly impact sedimentation by creating surfaces 
composed of post-dam legacy sediment that are often abandoned by the river and 
function as fill terraces. I analyze channel morphology and sedimentation patterns 
upstream of two breached dams on the Sheepscot River in mid-coastal Maine using lidar 
digital elevation models, historical aerial photographs, radiocarbon dating, and hydraulic 
modeling. In the past several decades, observable channel morphologic changes occurred 
at the two study sites: Maxcy’s Mills dam (built in 1809, it was 2-m high and breached in 
the late 1950s), and at Head Tide dam (built in the 1760s, it is 4-m high and was partially 
breached in 1952). The Sheepscot River has a native population of Atlantic salmon, 
which is a federally listed endangered species. Understanding the existence and transport 
of legacy sediment has become an important component of habitat restoration efforts in 
the region. The goal of this investigation is to determine the extent and morphologic 
function of legacy sediment in order to better understand how historical dam sites affect 
channel morphology and sediment transport in a post-glacial, low-gradient river system. 
 Field and remote sensing analyses indicate that surfaces (up to 2.65 m high) composed of 
mud and sand function as floodplains 1 km upstream from Head Tide dam and surfaces 
90 cm high continue 2.5 km upstream from Maxcy’s Mills. Analysis of seven 
radiocarbon dates from pieces of tree bark sampled from the stratigraphy (58-187 cm 
below the surface) of the two study sites suggest up to 1.8 m of sediment upstream of the 
two study sites was deposited within the past 300 years and is therefore a legacy of the 
dams. Quantification of the total volume of stored legacy sediment is on the same scale as 
volumes observed in the mid-Atlantic Piedmont region, leading to the conclusion that 
post-glacial rivers in northern New England store milldam sediment in similar fashion to 
streams analyzed in the Walter and Merritts (2008a) study. 
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 INTRODUCTION  
1.1 Research Purpose 
In 2008, Walter and Merritts published a study in Science outlining the lingering 
effects of breached milldams on stream morphology in the mid-Atlantic Piedmont region 
of the United States. Their study concluded that dam-influenced streams store sediment 
for centuries after breaching, creating channel-adjacent surfaces composed of legacy 
sediment that are abandoned by the river and function as fill terraces. Walter and Merritts 
(2008a) suggest few streams with a history of anthropogenic impacts currently exist in 
their natural state. This study will test the broader regional applicability of the Walter and 
Merritts (2008a) study by determining if it applies to a river in a landscape heavily 
influenced by late Pleistocene continental glaciation. Dam-influenced sedimentation has 
not been studied in low-gradient, post-glacial rivers with high densities of colonial-era 
milldams. The Sheepscot River in mid-coastal Maine has similar land-use history and 
milldam density as the Piedmont streams but is, in contrast, located in a recently glaciated 
coastal landscape with wide valleys and thin, non uniform glacially derived soils, natural 
ponds, and less hillslope sediment supply (Figure 1.1).  
1.2 Objectives 
Determining the composition, age, and present geomorphic function of channel-
adjacent surfaces upstream of historic dam sites on the Sheepscot River will test the 
regional applicability of the Walter and Merritts (2008a) study by examining the effects 
of breached milldams in a post-glacial setting. This study will focus on two former dam 
sites on the Sheepscot River.  
1
Mid-coastal Maine
Mid-Atlantic 
Piedmont Region
Figure 1.1 A map of the contiguous United States with mid-coastal Maine and the mid-Atlantic 
Piedmont region highlighted in red.
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 The objectives of this study are: 
• Map the extent of legacy sediment deposition by determining the historic 
and modern dam-influenced backwater effects using historical aerial 
photographs, historical topographic maps, lidar digital elevation models 
(DEMs), and one dimensional Hydrologic Engineering Centers River 
Analysis System (HEC-RAS) modeling. 
• Characterize thickness and age of bank sediments upstream of two 
breached dam sites on the Sheepscot River, Maine, and measure deposit 
ages using 14C methods to determine whether or not they are composed 
of legacy sediment. 
• Quantify changes in river morphology after dam breaching; specifically, 
the amount of dam-related legacy sediment currently present in the study 
areas to understand how dam-influenced sedimentation functions as part 
of a fluvial system. 
1.3 Previous Work on Milldam Legacy Sediment 
 The majority of studies involving the effects of dam removals on sediment flux in 
streams have taken place in areas with thick soils and a history of intensive land use, such 
as the mid-Atlantic Piedmont and the northern Midwestern regions of the United States 
(Doyle et al., 2003; Pizzuto, 2005; Walter and Merritts, 2008a). The combination of thick 
surface sediments and agricultural use leads to accelerated erosion of hillslope sediments, 
which then settle in the valley bottoms. High densities of small milldams on first and 
3
 second order streams trap the eroded sediment (Walter and Merritts, 2008a). Over time, 
the dams are abandoned, removed, or breached. The legacy sediment trapped behind 
them is then released back into the fluvial system through active erosion of the 
streambanks (Walter and Merritts, 2008a; Pizzuto and O’Neal, 2009). An anomalously 
high volume of suspended sediment in these streams leads to ecological degradation 
downstream (Palmer, 2009). Thus, there are strong incentives to understand the nature 
and mobility of legacy sediment after dam removal.  
 The type, grain size, and movement of these sediments vary with geographic 
province. To date, no prior studies have quantified legacy sediments in a post-glacial 
region. A post-glacial river differs in many ways to rivers in the mid-Atlantic Piedmont 
in terms of soil thickness, sedimentation, hillslope processes and valley morphology. The 
purpose of this study is to determine if a post-glacial mid-coastal Maine stream stores 
milldam legacy sediment in its active channel-adjacent surfaces. 
1.3.1 Mid-Atlantic Piedmont Region Geologic and Geomorphic Setting 
 The mid-Atlantic Piedmont is a physiographic region defined by geological 
boundaries. It includes eastern Pennsylvania, southern New York, New Jersey, Maryland, 
Delaware, and Virginia (Figure 1.1). The full extent of the Piedmont runs from New 
York south to Alabama, and is bordered on the east by the Atlantic Coastal Plain and the 
Appalachian Mountains to the west. The Appalachians have slowly eroded after their 
initial formation 480 million years ago during the Ordovician period (Berg, 1980). The 
Piedmont is the basin into which much of the eroded Appalachian sediments are 
deposited. As such, there is a widespread, thick layer of unconsolidated sediment 3-15 m 
4
 deep across the entire basin. The geomorphology in the region is characterized by low 
hills and relatively narrow valleys with steep slopes (Hobbs, 2003). The steepness 
accelerates erosion that allows colluvium and sheet wash deposits to collect in the valley 
bottoms. Streams cutting through the valleys easily incise into the thick, unconsolidated 
deposits. Due to the plateau nature of the Piedmont and vast virgin forests prior to 
Colonial settlement, streams were low-gradient, low-energy forested systems. 
 Wolman and Leopold (1957) studied the formation of streams in the mid-Atlantic 
Piedmont region and observed single channel, meandering rivers incising into elevated, 
fine-grained floodplains. The floodplains were wide, often filling entire valley bottoms, 
and up to several meters tall above the active water surface. The authors hypothesized the 
floodplains were composed of migrating channel deposits, colluvium, and overbank 
deposition. Small shrubs and grasses were the predominant riparian vegetation. 
Wolman and Leopold (1957) found that very little sediment (< 1 cm) was actively 
deposited onto the floodplain during each flood, though the recurrence interval for 
bankfull flows was frequent, about 1.5-2 years. The meandering, incising form of the 
rivers they observed was believed to be the natural state of the rivers in the Piedmont due 
to documented high sediment loads eroding from the Appalachians into the valley 
bottoms, supplying plenty of floodplain-forming sediment.  
The Piedmont region had little geologic activity for 200 million years, allowing 
eroded sediments from hillslopes to accumulate in valley bottoms. The last glacial retreat 
during the Pleistocene barely reached the northern parts of the Piedmont. During this 
5
 time, some of the coast was inundated with seawater due to isostatic depression, but there 
is little glacial evidence elsewhere in the Piedmont. During the Holocene, eroded 
hillslope sediment slowly accumulated in the valley bottoms until Colonial settlement. 
Beginning with the Colonial era, hillslope erosion notably increased (Hobbs, 2003). 
1.3.2 Mid-Atlantic Piedmont Land Use and Dam History 
 The mid-Atlantic was settled by Europeans in the early 1600s. Forests were 
cleared and burned for tobacco crops. After several rotations, the land was used for wheat 
or other crops and new land was cleared for tobacco. This intense land-use led to high 
rates of soil erosion and runoff to local streams (Costa, 1975). An average of 15 cm of 
topsoil was eroded off the hillslopes and deposited onto floodplains, creating a layer of 
massive, unconsolidated sediment about 1.5 m thick (Costa, 1975). This sediment was 
trapped and continued to accumulate due to a high density of milldams constructed in the 
Piedmont region (Walter and Merritts, 2008a). 
 Milldams were built shortly after the initial arrival of immigrants to power wheat 
processing and textile production as economic growth developed (Walter and Merritts, 
2008a). Each milldam required a reservoir to supply water for power until the mid-19th 
century when the steam engine became a widely adopted form of power. Dams were 
often small (<4 m high), and wide enough to span the valley bottom (~10-15 m). Built in 
this way, several hundred dams could fit on a single stream (0.14-0.15 dams per km2, 
Walter and Merritts, 2008a, Figure 1.2). The dams were mostly built on smaller streams 
6
 Figure 1.2 The top map shows southeastern Pennsylvania, with the inset 
displaying historic dams (red triangles). Modified from Walter and Merritts 
(2008a).
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 that comprised 70% of the total waterway length in the region, significantly slowing flow 
and altering stream geomorphology (Walter and Merritts, 2008a). 
 After several generations of intense agricultural use, the Piedmont slowly 
recovered second-growth forests as settlers moved west during the 19th century. The 
onset of the Industrial Revolution saw populations moving into cities, further decreasing 
the area of land devoted to intensive agriculture. Small, family-run milldams were 
eventually abandoned as land use changed.  
 Tremendous amounts of erosion have occurred throughout the mid-Atlantic, 
primarily due to the high sediment supply from the Piedmont basin uplands entering 
waterways via agricultural tillage, sheetwash, and colluvium. Much of this sediment 
supply was trapped for centuries behind milldams. Several meters of vertical incision by 
streams into deep valley sediments has been noted since the early 20th century as 
milldams were abandoned (Costa, 1975). Deeper incision and accelerated erosion of the 
streambanks became more prominent in the latter half of the 20th century. This is more 
likely due to higher rates of milldam breaching (Walter and Merritts, 2008a, Pizzuto and 
O’Neal, 2009), than to poor farming practices (Bain et al., 2008). Agricultural land use in 
the mid-Atlantic is still widespread but technology and environmentally sustainable 
farming methods have measurably improved since the early 20th century (Costa, 1975). 
Before the availability of technologies such as satellite imagery and lidar, it was difficult 
to estimate the total effect of milldams on sedimentation in the Piedmont. Walter and 
Merritts (2008a) showed that milldam sediment is endemic to the mid-Atlantic and a 
8
 main cause of valley bottom aggradation, potentially obscuring the natural forms of the 
streams.  
 Today, land use in the mid-Atlantic region is mixed with growing urbanization, 
declining agriculture, and an increasing forested area. Highway construction and 
suburban development continue to grow throughout the region, in contrast to Maine 
where populations are declining steadily. The two regions have comparable land-use 
histories since Colonial settlement, but different geologic history. 
1.4 Study Area 
1.4.1 Geologic and Geomorphic Setting of Mid-Coastal Maine 
The Sheepscot River is located in mid-coastal Maine (Figure 1.3). The watershed 
encompasses 576 km2 and is about 90 km long (Figure 1.3). The river has a low gradient 
(average slope ~ 0.0016 m/m), and flows in a south-westerly direction toward the 
Atlantic Ocean. Nearly a quarter of its total length is influenced by tidal processes, 
including a long, narrow estuary. It has a mean annual discharge of 20 m3/s. The main 
stem begins at West Montville, ME and flows 27 km until joined by the West Branch 
(Figure 1.3). The USGS gauging station is located at North Whitefield, just south of the 
confluence at river kilometer 29.3 (Figure 1.3). River kilometers are measured upstream 
beginning at the bridge on the Sheepscot Estuary (10.5 km downstream of Head Tide 
dam in Alna, ME). The watershed includes 24 lakes and 30 tributaries.  
Coastal Maine was most recently glaciated during the late Pleistocene by the 
Laurentide Ice Sheet, which reached its maximum southerly extent 20,000-18,000 years 
9
 Figure 1.3 Current dams throughout Maine are shown with red triangles in the top 
figure and in the Sheepscot watershed (inset). The watershed topography is shown based on 
a 10 m digital elevation model.
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 ago (Smith et al., 1989). Past glaciation is particularly evident in the northern reaches of 
the Sheepscot watershed with small lakes, rounded topography and swamps. Natural 
ponds throughout the watershed along the rivers create localized backwater effects 
similar to the slower velocity effect created by dams. The retreat of the ice sheet 13,000-
11,000 years ago left behind wide, shallow valleys and a thin layer of till that became the 
parent material of the soils in the region (Smith et al., 1989).  
The Sheepscot River is an imposed-formed post-glacial system flowing 
predominantly over glacial till, eskers and moraines. Exposed bedrock is infrequently 
observed in the river bed. The river has incised into glacial sediments several meters 
deep, which are the most likely source of bedload sediment. During the retreat of the 
Laurentide Ice Sheet, most of the Sheepscot watershed was inundated with seawater due 
to isostatic depression, and marine sediments were deposited in the lower reaches 
(Thompson, 1985) as evidenced by exposures of the Presumpscot Formation (a 
distinctive marine clay layer deposited during the Laurentide retreat). Unconsolidated 
hillslope sediments in the study area are thinner in contrast to the consistent thick 
sediments of the Piedmont. The Sheepscot watershed is underlain by Cambrian-
Ordovician granites with pockets of carbonates (Smith et al., 1989).  These lithologies lie 
along the northeast-southwest trending Norumbega fault zone, which strongly influences 
the flow and morphology of the Sheepscot River (Figure 1.3). 
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 1.4.2 Historic and Current Land-use 
European settlement in Maine began in the late 1600s with the clearing of virgin 
forest for agriculture and port towns, similar to the settlement of the Piedmont region 
(Sheepscot Valley Conservation Association, SVCA, 2009). Farms were typically small 
and self-sustaining, producing multiple crops. Reaping substantial harvests was difficult 
with long winters and thin, rocky soils, which led to widespread regional agricultural 
decline throughout the 19th century. Dense, second growth forest reclaimed much of the 
land by the early 20th century (SVCA, 2009). Current land use in the Sheepscot 
watershed is mixed with the largest percentage of area devoted to forest (89%). Other 
major uses are agricultural (2.5%) and low density residential (1.5%; Brady, 2007). 
By the time of early settlement, timber harvesting was a major economic activity 
throughout the state. Forests were logged extensively throughout the 17th, 18th, and 19th 
centuries, continuing on a lesser scale today. Until the mid-20th century, logging 
companies used waterways as an efficient transport mechanism to move large volumes of 
wood downstream to processing centers (Halsted, 2002). Sawmills were built at run-of-
the-river dams, allowing easy access to dammed, harvested wood which would then be 
processed for construction, paper, or fuel. Dams powered not only the timber industry, 
but also mining, textiles, and grain production beginning in the 17th century.  Today, 
some dams in Maine provide hydroelectric power, though the Sheepscot watershed has 
no hydroelectric dams. 
  
12
 Dam Name River Purpose* Year Built Height (m) 
Sheepscot Falls Main Stem SP, SM, GM 1760 4.3 
Head Tide Dam Main Stem SM,FM,GM 1762-1768 4 
Joshua Little Main Stem SM <1800 ? 
King’s Mills Main Stem SM,SH,GM 1774 ? 
Turner Prebble Main Stem SM 1775 ? 
Youngs Main Stem SH,SM,FM 1807 ? 
Unnamed Main Stem SH,GM ? ? 
Cooper’s Mills Main Stem SM,SH,GM 1804 5.5 
Unnamed Main Stem SM <1869 3.7 
Sheepscot Pond Dam Main Stem SH,SM,GM,ST 1790 2.5 
Pinhook West Branch SM 1804 ? 
Maxcys Mills West Branch SM,GM 1809 2 
Haskell Pope West Branch FM,SM <1815 ? 
Chadwick Pratt West Branch GM <1829 ? 
Prescott West Branch GM,SH 1829 ? 
Weeks Mills West Branch SM,GM <1807 ? 
Unnamed West Branch T <1856 ? 
Pullen West Branch SM <1856 ? 
Hammond West Branch T,SM,SH <1856 ? 
Branch Mills West Branch SM,GM <1800 4.3 
Grays Tide Mill Marsh/Deer-meadow 
brook 
WS 1850 4 
Shattuck Tide Mill Marsh/Deer-meadow 
brook 
WS 1835 ? 
Allens Falls Marsh/Deer-meadow 
brook 
GM,SM 1660 ? 
Weeks Mills Marsh/Deer-meadow 
brook 
SM 1800 2.5 
Unnamed Dyer River SM,SH <1869 3.7 
Match Dyer River M ? ? 
Fulling Dyer River GM,FM,SH,ST <1869 3 
Boynton Trask Dyer River SM 1850 2.5 
Chases Mill Clary Lake SM,SH 1791 2.5 
Streans Clary Lake SM,SH 1790s 3 
David Bryant Gully Brook SH,ST 1850 2 
Tolman Colburn Dearborn Brook SM,SH 1832 ? 
Solomon Bruce Choate Brook FM,ST <1832 ? 
Unnamed  Meadow Brook SM <1856 ? 
Turner Colby Stream SM <1819 ? 
Berry Colby Stream SM <1886 ? 
Dodges Lovejoy Stream SH <1869 ? 
French’s Lovejoy Stream SM <1869 ? 
Colby Lovejoy Stream SM 1825 4.3 
Greeley Beech Pond GM 1807 ? 
Head Mill Trout Brook SM 1750 ? 
Trout Brook Dam Trout Brook SM 1940 5 
Hodge Ben Brook SM ? ? 
Milldam Chisolm Pond FM,SM 1820 6 
*SP=Ship Passage, SM=Sawmill, GM=Gristmill, WS=Water Supply, FM=Fullingmill, PM=Potters Mill, 
M=Match factory,  
SH=Shingle Mill, ST=Stave Mill, T=Tannery 
 Table 1.1 Current and historical dams in the Sheepscot watershed (SVCA, 
2009). Dams blocking Atlantic salmon passage are noted in red. 
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Figure 1.4 A map of the Sheepscot watershed showing the locations of historical and 
present-day dams. The watershed topography is shown using a 10 m digital elevation 
model. * Head Tide dam also blocks fish passage, but is denoted by a yellow circle 
because it was one of the dams in the study.
Legend
Current dams
Historical dams
Studied dams
Sheepscot 
Watershed
Dams Blocking Fish 
Passage*
10 km
14
 In all, there were 44 mills on the freshwater portion of the Sheepscot watershed; 
the oldest of which were built in the late 1600s (Halsted, 2002; Figure 1.3; Table 1.1). 
Seventeen dams have historically blocked fish passage (SVCA, 2009). There are 10 dams 
presently intact in the watershed and five of these are believed to block upstream fish 
passage (Halsted, 2002, SVCA, 2009; Figure 1.4; Table 1.1).  
Beaver damming was a historical natural influence throughout the Sheepscot 
River watershed. Beavers were abundant in the area since before Colonial settlement and 
often built dams lasting several decades (Halsted, 2002). They were hunted to near-
extinction in Colonial times, but were re-introduced in the 20th century (Rosell et al., 
2005). Beaver activity continues to profoundly affect reach-scale fluvial morphology 
(Rosell et al., 2005).  
The milldam density in the Piedmont region was higher than that of mid-coastal 
Maine due to the fertility of the land and the rapid population growth that occurred there 
(Walter and Merritts, 2008a). Intense agriculture was more widespread in the Piedmont 
over a longer period of time than it was in Maine. Maine also has less hillslope sediment 
supply, thinner soils and wider valleys with lower relief adjacent to the channels due to 
late Pleistocene glaciations. However, the combined effects of continuous timber 
harvesting over several centuries and the milldam density in Maine could have had a 
compound effect on local streams equivalent to that observed in the Piedmont. 
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 1.4.2.1 Maxcy’s Mills Dam 
Maxcy’s Mills dam was located near the town of Windsor Station on the West 
Branch of the Sheepscot River (Figure 1.3). It was built in 1809 to power a sawmill and 
was then used as a gristmill until 1940 (Halsted, 2002).  After 1940, the mill was torn 
down and the dam was abandoned and fell into disrepair. The dam is no longer in place in 
the channel and does not affect flow (Figure 1.5). However, the stones that were once a 
part of the dam structure are still in place immediately adjacent to the channel and also on 
an island in the middle of the channel. From historical photos of the dam and lidar-
derived elevations of surrounding structures (most notable an old mill road adjacent to 
the channel), I determined the original height of the dam was about 2 m above the 
channel bed, which was at 51 m elevation above mean sea level. Part of the raceway of 
the original dam is still somewhat intact, diverting water away from the main channel 
(Figure 1.5c).  
Based on analysis of historical air photos, Maxcy’s Mills dam naturally breached 
in the late 1950s. Channel-narrowing over the past half century is evident from historical 
air photograph analysis (Hazlinsky and Snyder, 2007; Figure 1.6 a,b). Today, the channel 
at the former dam site is relatively narrow (< 5 m) and deep (> 4 m; Figure 1.7b). 
Upstream, there are wide (>50 m) channel-adjacent surfaces with shrub growth and 
grasses reaching to a 0.8 m elevated terrace with dense forest (Figure 1.7b). Surrounding 
land use is agricultural and low-density residential. 
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Figure 1.5 Panel a shows Maxcy’s Mills dam before 
breaching (top photograph taken in 1950; SVCA, 2008),
and today (panels b and c are photographs taken in July 2009). 
Remnants of the dam still stand but do not obstruct the channel.
a
a
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Figure 1.6  Histograms showing channel width change at Maxcy’s Mills and Head Tide 
dam between 1940 (panels a and c) and 1996 (panels b and d).  Frequency of channel width 
is shown on the y-axis while Digitally Orthorectified Quadrangle (DOQ)- derived channel
width is shown on the x-axis. Panel a  shows a wider channel width than b, illustrating stat-
istically significant narrowing over time at Maxcy’s Mills. Panel c shows a wider channel 
at Head Tide dam in 1940 before the dam was breached,while panel d shows a narrower 
channel in 1996. Width measurements were taken from digitally orthorectified aerial 
photographs. Narrowing is most likely due to dam breaches at these locations. Graph from 
Hazlinsky and Snyder (2007). 
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 Photo 1 
Photo 2 
Figure 1.7 Panel a shows the present-day floodplains at Head Tide dam, taken looking 
upstream from the dam, showing 2 m high surfaces covered with vegetation (photograph 
taken in July 2010). Panel b shows the channel adjacent surfaces are narrower and not 
as high at Maxcy’s Mills (photograph taken in July 2010). 
a
b
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 1.4.2.2 Head Tide Dam 
First constructed in the 1760s, Head Tide Dam was used to power several 
sawmills, a gristmill, and a fulling (textile) mill near the town of Alna (Halsted, 2002, 
Figure 1.3). It is located on the main stem at the upstream influence of the tide, at river 
kilometer 10.5 (Figure 1.3).  
  Head Tide Dam is 4 m high and constructed from concrete (Figure 1.8b). Due to 
pressing concern that endangered migrating Atlantic salmon could not pass over the dam 
to spawn upriver, two 1.5-m holes were bored at mid-height in 1952 and 1956 to 
facilitate fish passage (Halsted, 2002, Figure 1.8b). Since then, significant channel 
narrowing and floodplain exposures have been noted upstream of the impoundment 
(Hazlinsky and Snyder, 2007; Figure 1.6 c,d). The dam structure is still intact in the 
channel and contributes to some flow impoundment.  
Head Tide Dam is located in a steep portion of the river, confined on both sides of 
the river by bedrock. The channel is narrow (< 7 m) and water is relatively deep (1.5-2 m 
at flows below bankfull). Upstream of the dam are high (~2 m), narrow (10 m) surfaces 
with grass and shrubs (Figure 1.5). Some bedrock is exposed at the dam and for about 0.5 
km upstream on river left (with respect to the downstream direction). During low flows in 
the summer of 2010, we observed buried wood and anthropogenic debris on the channel 
banks (Figure 1.8c). Land use in the area is predominantly agricultural. 
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 Figure 1.8 Head Tide dam in 1907 (Panel a), illustrating the effects of the historical 
timber industry. Panel b shows a photograph taken in 2009 with two notches (red 
squares) for fish  passage. Wood  is buried under the present-day floodplain up-
stream of the dam at river kilometer 10.7 (Panel c, photograph taken in July 2010).
a
b
c
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 1.4.3 Sheepscot River and Atlantic Salmon 
The Sheepscot River is one of Maine’s eleven rivers with native anadromous 
Atlantic salmon populations, a federally listed endangered species (NOAA, 2011). 
Because Atlantic salmon are a federally listed endangered species, there is strong 
stakeholder incentive to remove dams acting as barriers to migration and impede 
spawning.  Atlantic salmon hatch in fresh water and grow for 2-4 years in small streams 
before migrating out to sea where they develop into adult fish. Salmon return to their 
natal freshwater streams to spawn after spending 1-4 years at sea. For successful 
spawning, Atlantic salmon require unobstructed passageways, geomorphically diverse 
channel structure with mobile gravel substrate, and a healthy riparian zone (Montgomery, 
2004).  
Currently, there are at least four dams in the Sheepscot watershed considered 
barriers to Atlantic salmon passage (Halsted, 2002). Dams not only impede fish 
movement, they decrease the median substrate grain size upstream, reduce channel 
complexity and slow flow velocities, increasing water temperatures (Pizzuto, 2005). To 
spawn, salmon require water temperatures between 5-8° C with flow velocities between 
0.5-0.75 m/s (SVCA, 2009).  Removal of dams could facilitate restoration of salmon 
habitat on the Sheepscot River by facilitating fish passage upstream to suitable spawning 
grounds. 
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 2 IMPLICATIONS FOR RESTORATION OF DAM-INFLUENCED 
STREAMS 
2.1 River Form and Process 
Rivers are dynamic systems that move sediment from hillslopes through tributaries 
to valley bottoms and eventually out to the ocean. Erosional and depositional processes 
rely on stream power and the quantity of sediment. The shape and size of a river is 
intrinsic to its surroundings: topography, climate and underlying geology (Wolman and 
Leopold, 1957). Alluvial systems form in regions with high volumes of available 
sediment and create their own channels. Imposed-form systems exist in regions with low 
sediment supply or high erosion rates and channel form is heavily influenced by the 
underlying bedrock.  
The Sheepscot River has characteristics of an imposed-form channel. The 
morphology of self-formed channels changes through bankfull events typically occurring 
every 1-2 years (Wolman and Miller, 1960). The degree to which morphological rules of 
self-formed rivers apply to imposed-form systems like the Sheepscot River is an area of 
continued research (Snyder, 2012). High discharge events have heightened energy that 
transport sediment as both bedload (along the channel bottom) and suspended load 
(within the water column) downstream and onto channel-adjacent surfaces. These events 
change stream morphology by depositing sediment onto floodplains and point bars and 
eroding banks. Typical channel-forming flows for each stream are fairly constant, 
depending mostly on climate, allowing a channel to self-sustain its form for 100s to 
1,000s of years before a climatic or tectonic shift occurs (Leopold, 1994).  
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 Anthropogenic interactions with rivers, such as dam building and timber 
harvesting, unbalance the self-sustaining processes over shorter time spans, on the order 
of years to decades (Pizzuto, 2005). Restoration efforts seek to balance the stream’s 
erosional and depositional processes through removing or altering causes of imbalanced 
sedimentation. Obstacles placed in the channel, such as dams, bridges or culverts 
unbalance the erosional and depositional processes that allow a channel to change with its 
environment. The objective of this study is to determine the impacts of breached dams on 
an imposed-form river. 
2.2 Effects of Dam Construction and Removal on Sediment Transport 
Humans impact rivers in many ways: through the construction of highways, 
draining of wetlands, engineering of flood-prevention structures, urbanization, 
wastewater management, and dam building. The construction and removal of dams 
greatly impacts river form and processes. Dams affect the hydraulic properties of a river 
reach, slowing the flow and creating a backwater upstream. Backwater areas transform 
channel structure by trapping sediment, eventually filling the reservoir. 
When a dam is removed, the water velocity increases and the channel will re-
establish itself by incising into the dam-impounded sediment (Doyle et al., 2003; Figure 
2.1). Over time, the channel incises back to its natural base level. However, if increased 
hillslope erosion from farming or timber harvesting has increased the sediment load, the 
channel may incise more deeply. Deeply incised channels can no longer flood their 
banks, and the banks are abandoned by the river and form terraces (Walter and Merritts, 
2008a; Figure 2.2). Each system is unique in its response to dam removal because of 
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Figure 2.1 Panel a shows the removal of the Merrimack Village Dam on the Souhegan River, 
New Hampshire, USA in 2008. The dam was removed because it was no longer being 
used. Panel b illustrates accelerated bank erosion upstream of the former dam site,
 photographed one year after the removal. Photograph credits: Noah Snyder, 2008-2009.
a
b
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Figure 2.2 This photograph illustrates nearly 3 m of legacy sediment forming an aban-
doned terrace in southeastern Pennsylvania. Photograph credit: Bob Walter, 2007.
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 varying channel geometry, slope, sediment grain size, and climate of its geographical 
location. Understanding the extent of reservoir sedimentation is integral to understanding 
channel morphology upstream of former dam locations. This aids restoration work 
because it allows an estimate of how damming influenced the river and what steps should 
be taken to return the river to its pre-dammed condition. 
Many old milldams breach due to natural deterioration and others are deliberately 
removed for restoration (Figure 2.1). Though dam removal facilitates fish passage 
upstream, it is important to understand the morphologic changes that occur when a dam is 
removed. There has been limited research on impounded sediment mobility in glaciated 
watersheds with high-priority fish populations. Determining how dam breaching affects 
the sedimentation in a regional stream will contribute to dam removal studies and aid 
habitat restoration strategies for species such as the Atlantic salmon (Sheepscot Valley 
Conservation Association, SVCA, 2009). The Sheepscot River has a long history of dam 
construction and two of the current dams (Coopers Mills and Head Tide dam; Table 1.1; 
Figure 1.4) on the river are slated for possible removal over the next five to ten years 
(SVCA, 2009).  
2.3 Previous Work on Legacy Sediment  
The long history of dam building in varying geographical regions has led 
researchers to specifically study how reservoir sediments affect morphology after the 
dams have been breached for several decades (Walter and Merritts, 2008a; Pizzuto and 
O’Neal, 2009). The fundamental questions of this study are: do dams permanently alter 
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 the morphology of a stream and, are anthropogenically-affected streams then able to be 
restored to pre-dam conditions? The answers to these questions will lead to implications 
for the best restoration strategy. 
Walter and Merritts (2008a) studied streams in the U.S. mid-Atlantic Piedmont 
region. They observed meandering, deeply incised streams with active bank erosion and 
discovered evidence of high densities of breached milldams with former alluvial 
environments buried beneath layers of millpond sediment. The bottom 10 cm of bank 
stratigraphy was organic-rich with trees in growing position, and, through radiocarbon 
dating, was determined to have been deposited over a period of several thousand years in 
a swampy, forested environment. Through radionuclide dating, historical accounts and 
analysis of lidar elevation data, Walter and Merritts (2008a) determined the top 1-5 m of 
sediment was deposited over 300 years since dam building began in the region. The 
dramatic increase in deposition and the change in sediment type from organic-rich to 
fine-grained and finely-laminated were deemed a “legacy” of the milldams. Legacy 
sediment is formerly impounded sediment that remains in a fluvial system after a dam is 
breached and continues to affect river morphology. Walter and Merritts (2008a) found 
that legacy sediment formed fill terraces upstream of former milldams throughout the 
mid-Atlantic Piedmont region.  
Fill terraces are relic surfaces adjacent to the river channel composed of sediment 
deposited by the river when it was not in its present form. In contrast, floodplains are 
inundated during flood events and are thus composed of recent overbank deposits. Most 
fill terraces are abandoned floodplains due to incision of the channel because of base 
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 level fall. Such changes occur due to tectonics, climate change, or dam removal. 
Understanding how anthropogenically affected surfaces function in the present stream 
morphology is integral to understanding the pre-dammed state of the stream, thereby 
aiding restoration work. These features will be referred to as “channel-adjacent surfaces” 
rather than “floodplains”. 
The Walter and Merritts (2008a) study is important because it proved with radiogenic 
dates, historical accounts and lidar digital elevation models (DEMs) that the meandering 
streams in the Piedmont region have fill terraces composed of legacy sediment and are 
the most likely cause of heightened erosional problems in the region. Streambank erosion 
in the Piedmont has led to significant eutrophication problems in estuaries; most notably 
in the Chesapeake Bay. Walter and Merritts (2008a) hypothesize that any stream of 
comparable size, gradient and land-use history will form fill terraces upstream of former 
dam sites. This hypothesis has not been tested in different geologic regions. 
2.4     Other Case Studies 
 Pizzuto and O’Neal (2009) examined the natural effects of freeze-thaw cycles, 
storm intensity and changes in the density of riparian vegetation in the mid-Atlantic 
Piedmont region. Using historical records, lidar DEMs, climatic and hydraulic modeling, 
they determined the main cause of accelerated erosion on the South River (VA) was 
breaching of milldams and release of sediment downstream of these dams. Their findings 
were significant not only because it was the first test of the Walter and Merritts (2008a) 
hypothesis, but because they were able to rule out natural fluctuations as the main culprit 
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 of erosion on a river with high human impact.  A major concern for restoration in the 
Piedmont region is erosion of fine-grained streambank sediment that carries agricultural 
fertilizers downstream and accumulates in the Chesapeake Bay estuary, causing 
widespread eutrophication and ecological instability. Restoration efforts may use the 
Pizzuto and O’Neal (2009) study as a benchmark to prevent further erosion by containing 
or removing post-dam sediments from the system. 
 The Sheepscot River in mid-coastal Maine provides a good comparison to the 
Piedmont streams (as discussed in Chapter 1). Previous work on the Sheepscot has 
yielded a full synthesis of historical records, lidar digital elevation models and aerial 
photographs, which provide the necessary comparisons of historical and present-day 
morphologic changes (Hazlinsky and Snyder, 2007). Channel widths at the two study 
sites, Head Tide Dam and Maxcy’s Mills, have narrowed upstream of the dams (Figure 
1.6; Hazlinsky and Snyder, 2007).   Airborne light detection and ranging (lidar) elevation 
data has significantly enhanced our understanding of valley bottom topography and 
fluvial processes (Snyder, 2009). Coupling lidar data with historical aerial photographs 
allows for a comprehensive analysis of river dynamics over time (Snyder and Kammer, 
2008).  
2.5 Restoration and Resilience 
In the United States, billions of dollars have been spent on river restoration efforts 
with expected increases in spending over the next several decades (Bernhardt et al., 2005; 
Palmer et al., 2005). Active restoration requires significant human interaction with the 
goal of returning a damaged river back to something like its pre-disturbance form. 
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 Problems arise due to the dynamic nature of rivers and the difficulty of applying 
simplified models to physical systems. 
 All methods of restoration have sources of error and many projects fail. 
Restoration strategies incorporate a geomorphic-based approach aimed at returning 
streams to an ecological viable state (Rosgen, 1997). Modern approaches must also 
produce sustained ecological enhancement of a system in order to be considered 
successful (Palmer et al., 2005; Wilcock, 2012).  The increasing call for resilience, a term 
implying self-perpetuating health of a restored system, attempts to place restoration 
strategies within the greater context of continued human development (Holling, 1973; 
Beechie et al., 2010; Snyder, 2012). Some restoration projects in the past have had 
difficulty achieving resilience due to budget constraints, lack of sustained observation 
after the completion of a project, and misunderstandings of integral spatial and temporal 
scales of physical systems (Palmer, 2009).   
 Prediction of future change should hinge on historically documented changes in 
the system (Snyder, 2012). Rather than constructing a desired pre-disturbance form, 
modern restoration aims to restore resilience with a predictable range of outcomes that 
satisfy social and economic factors. An informed approach, incorporating the application 
of hydraulic analyses, applied geormorphic engineering, and a detailed study of water and 
sediment loads in a given system is necessary to determine the appropriate method of 
restoration. Applying more resources to planning a project has yielded more successful 
projects (Palmer et al., 2005).  There is an increased focus on restoring morphodynamic 
feedbacks in a system to restore resiliency. Healthy morphodynamic feedbacks allow the 
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 river to essentially restore itself, increasing its overall resilience over time as it changes 
along with its surrounding environment (Snyder, 2012).   
 For the Sheepscot River, heavily impacted by anthropogenic interactions, 
restoration goals should focus not on returning the river to a pre-disturbance state, but 
instead create a resilient stream able to host its endemic fish populations. Restoring 
geomorphic resilience in the Sheepscot River will begin when obstacles, such as dams, 
are removed or altered so that sediment, the basis of natural channel-forming processes, 
may be transported downstream and fish may move uninhibited through the channel. 
Some restoration efforts in the mid-Atlantic Piedmont aim to reduce erosion of fine-
grained legacy sediment and restore streams to their pre-disturbance state. If the 
Sheepscot River stores milldam sediment in the same way, should the same restoration 
strategies implemented in the mid-Atlantic Piedmont region be used in this post-glacial 
environment?  
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 3. METHODOLOGY 
 
3.1 Experimental Design 
 
 To understand the effects of two breached dams on sedimentation patterns in the 
Sheepscot River, I analyzed channel and floodplain morphology over time using 
Geographic Information Systems (GIS) spatial datasets to compare present and historical 
conditions, analyzing digitally orthorectified historical aerial photographs from 1940 
(before breaching), 1961 and 1996 (after breaching) and topographic maps from 1943 or 
1956, and 1996 (Table 3.1).  
GIS Coverages for the 
Sheepscot River, Maine 
Resolution Source 
Date of 
Collection 
Digitized Topographic 
Maps 
2.4 m 
pixels 
 
Maine Office of 
Geographic Information 
Systems (GIS) 
1943, 1956, 
1996 
Digital Orthophotograph 
Quadrangles (DOQs) 
1 m pixels Maine GIS 1996 
Digital Elevation 
Models (DEMs) 
10 m pixels 
United States Geological 
Survey 
1998 
Lidar DEMs 1 m pixels 
National Center for 
Airborne Laser Mapping 
2007 
Scanned, orthorectified 
historical aerial 
photographs 
1 m pixels Maine towns 
1940, 1961, 
1996 
Table 3.1 GIS coverage, resolution, source, and date of collection.  
 To evaluate post-dam sedimentation, I analyzed lidar digital elevation models 
(DEMs) rendered as shaded relief maps to determine the extent and function of channel-
adjacent surfaces upstream of the former dams. Accuracy of the lidar-based analysis was 
tested using a one-dimensional, steady-state hydraulic modeling program (HEC-RAS) 
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 with current and historical dam conditions with varying flows. I ground-truthed the lidar-
based modeling results by also running the model with field-surveyed cross sections. 
Through radiocarbon dating of strata in channel-adjacent surfaces upstream of both dam 
sites, I determined the age of the interpreted dam-related sediment. Then, I determined 
the depth of dam-related sediments through field surveying. These combined analyses 
allowed me to quantify the total volume of legacy sediment upstream of the two sites and 
compare the amount to that seen in other case studies. 
3.2 Mapping the Extent of Millpond Inundation 
I mapped the historical millponds using lidar elevation models because the flat 
channel-adjacent surfaces are more easily distinguishable using lidar than traditional 
DEMs or historical aerial photographs. Airborne laser swath mapping (lidar) measures 
terrain elevations by calculating the time of flight of laser pulses shot from an aircraft, 
which are then converted into distances. The lidar surveys for this project used an 
infrared laser (1064 µm wavelength). The elevation data are interpolated using a model 
representing a continuous mathematical representation of the Earth’s surface elevation 
known as a digital elevation model (DEM). I interpreted filtered lidar DEMs, showing the 
bare earth surface in shaded relief. Lidar surveys improve resolution over traditional 
DEMs by an order of magnitude, measuring elevation differences to 5-20 cm (Snyder, 
2009).  
I used historical aerial photographs from 1940 when dams were intact at both 
locations to support the estimated millpond area. Historical aerial photographs also 
helped to distinguish the timeframe over which channel narrowing occurred. To 
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 determine that dam breaching at both locations occurred between 1940 and 1961, with 
little geomorphic change occurring between 1961 and 1996, I compared 1940 
photographs to 1961 and 1996. These photographs documented any major land-use 
changes over time in the same geographic areas. I looked for notable changes in the 
amount of forested land, agricultural use and urban development and saw few signs of 
change over the 1940-1996 periods. 
Channel-adjacent surfaces were mapped to measure the area of the millponds 
before breaching and to estimate the upstream longitudinal extent of slowed velocity 
influenced by the dams (Figure 3.1). This millpond was mapped by tracing a line along a 
single elevation on a bare-earth lidar DEM, adjusting for slope upstream of the dams 
along the channel-adjacent surfaces. Slope was calculated using a longitudinal profile 
derived from lidar elevation following the thalweg of the channel (Figure 3.2).  
I field-tested the map-view interpretations of the extents of former millponds at 
both sites. In the summer of 2009, I examined channel-adjacent surfaces for floodplain 
features (notably, active overbank deposition) for at least 3 km upstream of each former 
dam site. The upstream extent of nearly flat, channel-adjacent features was noted on 
handheld Trimble GPS devices pre-programmed with river kilometer markings.  
3.3 Hydraulic Modeling 
 
3.3.1 Model Overview 
To test the interpretations of the millpond extents, I used a one-dimensional 
steady state hydraulic model with current and historical dams in place. Previous studies 
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Figure 3.1 Maps of fieldwork completed in the summers of 2009-10 (soil 
pits, cross section surveying and preliminary millpond extent estimation), 
shown on a 1 m lidar DEM with shaded relief.
a
b
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Figure 3.2 Longitudinal profiles for Maxcy’s Mills (a: top) and Head Tide 
dam (b: bottom). The red arrow indicates location and elevation of dam sites 
(0 m), and the x-axis is measured in meters upstream from the dams.
D
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 have shown that hydraulic modeling illustrates the upstream extent that dams slow the 
flow velocity, creating a reservoir of slow moving water where fine grained sediments 
may settle out (Pizzuto and O’Neal, 2009). Hydraulic modeling computes the extent of 
this dam-influenced backwater by evaluating water depth and velocity at several cross 
sections upstream of the former dam locations. Velocity is a function of slope, channel 
geometry, and bed roughness. Stream discharge (Q) may be expressed as:  
      
          
 
,     (1) 
where Q is uniform flow discharge in an open-channel, A  is channel cross sectional 
area, R is hydraulic radius where (R = A /Pw), S is channel bed slope, and n as the 
Manning roughness coefficient, which characterizes the roughness of the channel (bed, 
banks and floodplains).  
Equation (1) characterizes uniform flow regimes in which the water surface and 
energy gradient are parallel to the stream bed and all other variables remain constant. I 
calculate flow on the Sheepscot River using a one dimensional, steady-state hydraulic 
modeling program, the Hydrologic Engineering Centers River Analysis System (HEC-
RAS: U.S. Army Corps of Engineers, 2009),  that determines the energy gradient 
between adjacent cross-sections for a given reach using the inputs of equation (1).  
The HEC-RAS program computes the water surface elevations at each cross 
section and solves equation (1), providing an estimate of the energy gradient and 
therefore the dam-influenced flow velocities at each cross section. From these data, I can 
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 estimate the area of the backwater effect which tests the lidar-estimated backwater area 
and can facilitate determination of the extent of legacy sediment.  
3.3.2 Model Inputs 
To input channel and floodplain geometry, I used HEC-GeoRAS, a special 
software suite designed to incorporate elevation and spatial data in ArcGIS (ArcMap 9.3). 
HEC-GeoRAS allows the HEC-RAS outputs to be exported back into ArcGIS, so the 
results may be manipulated in a GIS format.  
When modeling the effects of dams on a river, the user identifies the reach 
surrounding the dam location, extending slightly downstream and several kilometers 
upstream of the dam in ArcGIS. HEC-GeoRAS requires a digital elevation dataset upon 
which a thalweg and cross sections are drawn at equal increments over the reach (Figure 
3.3). Streambank points are identified on every cross section for channel geometry inputs. 
The model calculates slope from the DEM. From there, the user may draw a dam with 
varying geometry using tools in ArcGIS. 
HEC-GeoRAS digitizes the reach with the cross section lines, thalweg and dam 
geometry, and exports it to HEC-RAS where the user inputs varying Q and n. The user 
has the ability to manipulate the bank points of the cross sections, channel bed elevations 
and dam geometry. HEC-RAS runs the model with the requested discharges, showing the 
extent and elevation of the water surface. For visual interpretation, the flow scenarios 
may be exported back into ArcGIS to view on top of the elevation model (Figure 3.3a). I 
ran the HEC-RAS several times with varying cross section geometry (A, R, flood 
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 discharges (Q), and Manning roughness coefficients (n) to understand the effects of dams 
on flow and to test the model sensitivity.  
3.3.2.1 Channel Cross Sections 
 
I used lidar-derived cross sections in the HEC-RAS analysis, ground-truthed by 
field-surveyed cross sections (Appendix I; Figure 3.3b). Lidar cross sections provide 
accurate streambank elevations, but because lidar cannot penetrate water, the channel bed 
elevations are inaccurate. HEC-RAS ran with un-manipulated lidar-derived cross 
sections, allowing HEC-GeoRAS to digitize cross sections of a chosen length and 
spacing.  Then, checked these results using field-surveyed cross sections to test whether 
the elevation difference between the water surface measured by the lidar surveys and the 
channel bed measured by the Leica surveys was important to the model success. 
At Maxcy’s Mills, I created cross sections in ArcMap 150 m wide spaced 100 m 
apart starting below the dam and extending 2.5 km upstream to the edge of the lidar-
derived millpond area, manually removing any cross sections that were touching one 
another to prevent inaccurate flow modeling. The length of the cross sections extended 
the entire width of the valley bottom. At Head Tide dam, I created cross sections 200 m 
wide, spaced 100 m apart extending 2.7 km upstream of the dam location (Figure 3.3a). 
The elevations from the lidar-derived cross sections are extracted for use in HEC-RAS 
(red dots on Figure 3.3b). Using lidar, channel bed elevations are roughly equivalent to 
the water surface elevations on the day during which the lidar data was collected, which 
was during a low-flow period. The lidar-derived elevations for the streambanks were 
considered to be accurate and were not modified. To determine any modeling difference 
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Streambank
Lidar
Leica
Averaged 
channel-bed 
elevation
Channel
HEC-RAS Cross Section Input
Streambank
Figure 3.3 Panel a shows cross sections and Head Tide dam mapped onto lidar hillshade relief with 
a HEC-RAS derived flow and historic dam in place. Panel b shows the HEC-RAS input (cross 
section 10.8 highlighted in orange on panel a using field-surveyed channel bed elevations (blue; 
Leica) with lidar-derived elevations (red; Lidar) used for the streambanks. The black solid line in 
panel b is the hybridized “field derived” cross section used to ground-truth the HEC-RAS results. 
Each black cross section had a single, averaged channel bed elevation.
a
b
10.8
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 between cross sections using the lidar-derived water surface and the true elevation of the 
channel bed, I surveyed cross sections in the field to estimate a general channel elevation 
(blue dots on Figure 3.3b). For input into HEC-RAS, I hybridized the field-surveyed 
cross sections with the lidar data. To hybridize, I used the lidar-derived floodplains and 
manually created a channel using averaged channel bed elevations from the field surveys 
(black line on Figure 3.3b). I ground-truthed HEC-RAS results for Head Tide dam only 
due to poor field data at Maxcy’s Mills. 
  To estimate the channel bed elevations, I field surveyed cross sections using a 
high-precision Leica TPS 1200 total station with a Global Positioning System (GPS; blue 
dots on Figure 3.3b). I surveyed four cross sections upstream and one cross section 
downstream of both sites (Figure 3.1). The total station measures horizontal distance and 
elevation when used with a reflecting prism attached to a stadia rod, and has a relative 
accuracy of 2 mm.  
At each site, I set up two to four base stations (Appendix II). The Leica remained 
motionless for at least two hours at each base station to determine its absolute 
geographical position through GPS. The GPS data was uploaded to the National Geodetic 
Survey (NGS) Online Positioning User Service (OPUS), which processes raw user data 
using the National Spatial Reference System (NSRS). The raw data are corrected and 
returned to the user with improved relative geographic accuracy (Appendix II). All cross 
section points were surveyed from a base station within visual range, measuring 
horizontal distance and elevation relative to the absolute position of the base station 
(Figure 3.4). At least two base stations were necessary in order to tie together the data 
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Figure 3.4 Leica total station survey at Head Tide dam, with base station setup (a: 
left), and prism/stadia rod (b: right).
a b
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 points, supplying the absolute position of each data point used for the cross section 
measurements and allowing for the determination of true north. The Leica data measured 
the channel bed elevations for each cross section; comparison with these elevations to 
lidar (blue dots on Figure 3.3b), ensured that each cross section was in its exact 
geographic position relative to every other cross section (Figure 3.3a).  
At Head Tide dam, I used four base stations to measure six cross sections 
upstream every 100 m for a total of 500 m, one cross section downstream, and the dam 
itself (Figures 3.1 and 3.4). At Maxcy’s Mills, I measured four cross sections upstream of 
the dam every 100 m, one at the former dam location, and one below the dam (Figure 
3.1). Data for the two most upstream cross sections at Maxcy’s Mills was discarded due 
to a GPS error when setting up the base station. Each point along the cross sections was 
approximately 2 m apart and was given a geomorphic identity (bank, water surface, 
riverbed, etc.; Figure 3.3b). Lidar elevations were used for the streambanks and a single, 
averaged channel-bed elevation from the Leica data were inputted at each cross section 
(black line on Figure 3.3b). 
HEC-RAS was run with these field-surveyed (Leica) elevations in digitized cross 
sections at the exact locations of the true cross sections, extending the lines across the 
extent of the floodplains (green lines on Figure 3.3a). Each field-surveyed cross section 
provided only an estimation of the channel bed elevation as a comparison to lidar data. 
Using a combination of field data and lidar allowing extension of the cross sections 
across the valley bottom much farther than was actually surveyed in the field.  The length 
of individual cross sections varied depending on the width of the valley bottom at a given 
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 location. I modified each cross section individually and used these as the field-surveyed 
channel geometry data in HEC-RAS to test the validity of a lidar-based analysis 
(Appendix III).   
3.3.2.2 Historical and Modern Dam Conditions 
The model was tested with dams in place to test historical conditions at both 
locations. At Head Tide, I created a notched dam in the model to act as the modern dam 
(Figure 1.8b). For these models,  the known historical and modern dam geometries were 
entered (height, width, type of construction; Table 3.2).  
At Maxcy’s Mills, I used a historical photograph (Figure 1.5a) comparing the 
original dam height to the channel width, as well as the filtered lidar-derived elevation of 
a channel-adjacent mill structure to determine the height of the dam (see also section 
1.4.2.1). I assumed the top of the historical dam was at 51 m elevation (2 m high) and 
extended across the channel onto the adjacent streambanks with no holes. From historical 
photos, the dam curved at the middle of the channel, with the curve pointing downstream 
as was common with Colonial-era milldams. For modern conditions at Maxcy’s Mills, 
the cross section surveyed at the former dam location were used. 
 At Head Tide dam, HEC-RAS ran with the historical dam, the modern dam, and 
no dam. The historical dam at Head Tide was fully intact with the same height (4 m), 
elevation (8.2 m) and location (river kilometer 10.45) as the current dam (Table 3.2; see 
also section 1.4.2.2).  The model ran with a historical dam, and then created two holes 
geometrically equivalent to the notches constructed in 1952 and 1956 measuring 1.2 m x 
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 2.5 m (Figure 1.8b) to re-create the modern dam. For the modern dam, Leica 
measurements, cross-tested with lidar data were used. The GPS error accounts for any 
error in setting the global position of the total station when creating base stations.  The 
model was also run with no dam in place to determine the upstream extent of the dam’s 
influence.  
Site Height 
Top 
Width 
Top 
Elevation 
Type Location 
Weir 
Coefficient 
Maxcy’s 
Mills 
2 m 8.2 m 51 m 
Broad-
crested 
River 
kilometer 
8.25 
1.4 
Head Tide 
dam 
4 m 12.2 m 8.2 m 
Broad-
crested 
River 
kilometer 
10.45 
1.4 
Table 3.2 HEC-RAS dam geometry 
3.3.3 Model Calibration 
From 2009 field observations, I knew a high flow event on July 3, 2009 had 
deposited a thin layer of sediment on the upstream channel-adjacent surfaces at both 
locations.  HEC-RAS ran with this flow using modern dam conditions at both sites to 
calibrate the model by seeing if the extent of inundation was accurate for the flow. The 
July 3, 2009 flow was scaled for drainage area at both sites using the USGS gauging 
station at North Whitefield (Equation 2, Table 3.3). The discharges scaled for drainage 
area were calculated using a simple equation: 
                             ,   (2) 
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 where Qsite is the discharge for a specific site (e.g. Head Tide dam),  Asite is the drainage 
area of the site,  Agauge is the drainage area of gauging station, and Qgauge is the discharge 
of the gauging station. 
Site Drainage 
Area 
July 3, 2009 
Calibration 
Discharge 
RI= 1.5 yr 
Discharge 
10 yr Test 
Discharge 
Maxcy’s Mills 111 km2 11 m3/s 13 m3/s 35 m3/s 
Head Tide 
dam 
425 km2 42 m3/s 50 m3/s 
 
133 m3/s 
 
North 
Whitefield 
Gauge 
375 km2 37 m3/s 45 m3/s 118 m3/s 
Table 3.3 Discharges scaled for drainage area at both locations. RI = Recurrence Interval, 
or the probability that a flood of a given magnitude will occur in a given year. 
An estimated n (0.04 for gravel-bedded streams; Barnes, 1967) was entered 
directly in HEC-RAS for each cross section. Because the bank surfaces are rougher than 
the channel bottom, I entered a Manning’s roughness coefficient of 0.1 for bank overflow 
(Figure 3.3b). Then, output water surface elevations were compared with the flooded area 
for each scenario to the hypothesized millpond extents using the lidar digital elevation 
model.  
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 3.3.4 Model Experiments 
To test the model, a steady-flow analysis using the annual and 10 year flood 
events scaled for drainage area (Table 3.3) was run. The magnitude of these flood events 
is described using recurrence intervals, which is the chance over time that a flood of this 
size will occur. The average annual peak flow is approximately a flood with a 1.5 year 
recurrence interval (Wolman and Leopold, 1957). I compared these discharges to the 
calibration flow with modern dam conditions in place (no dam at Maxcy’s Mills, notched 
dam at Head Tide. The model was run again with varying dam scenarios at both sites, 
using both lidar-derived cross sections and field-surveyed cross sections. All other inputs 
remained the same as in the calibration flows.  
3.4 Bank Sediment 
 
3.4.1 Field Stratigraphy 
Four locations at Head Tide and five locations at Maxcy’s Mills were chosen that 
exhibited good exposure of streambank stratigraphy within the boundaries of the former 
millpond (Figures 3.1 and 3.5). The locations were identified by respective river 
kilometer, distance from the channel, and geomorphic setting. I dug soil pits at each 
location and examined a large cutbank exposure at Head Tide river kilometer 10.75. At 
Maxcy’s Mills, the soil pits were 70-90 cm deep until encountering the water table. At 
Head Tide, soil pits were around 60 cm deep and the cutbank was 2.65 m high (Figure 
3.5). I interpreted the soil pit layers, examining stratigraphic composition and evidence of 
anthropogenic impacts, noting the presence or absence and type of organic material in 
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Figure 3.5 Panel a shows Head Tide dam cutbank located at river kilometer 10.75. Panel b shows a 
soil pit dug into floodplain at Maxcy’s Mills river kilometer 9.5.
 Head Tide  Maxcy’s Mills 
 Figure 3.6 Bark sample extracted from Head Tide dam cut- bank at 
river kilometer 10.75, taken from 152 cm depth.
 
a b
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 detail for possible radiocarbon dating. I measured the thickness, vertical distance from the 
surface, and collected a bulk density sample for each layer to analyze at the Boston 
College geochemistry lab.  
3.4.2 Sediment Density 
 In the summer of 2009, I collected sediment samples for dry bulk density 
calculations, using a 20 mL syringe to extract the sediment before placing it in a plastic 
bag. Before transport to the Boston College geochemistry lab, the samples were frozen to 
preserve organic content. At the lab, the samples were placed in a 65° C oven overnight 
and allowed them to cool in a desiccator for several hours. I then weighed the samples 
and divided their mass by the known volume of the syringe to calculate a dry bulk density 
in kg/m3.  
3.4.3 Sediment Age 
I used radiocarbon dating, which provides dates of organic material, to determine 
whether channel-adjacent surface sediments are composed of legacy material deposited in 
the last few centuries or are slowly accumulating natural overbank deposits. The 
radiocarbon dating was chosen for this project because the method works best when 
comparing historic dates (~300 years b.p) to prehistoric dates (~10,000 years b.p; 
Trumbore, 2004), because I was looking for a stratigraphic division between historic 
deposition (<300 years b.p.) and a pre-Colonial environment that would yield prehistoric 
dates. Though the method has errors of +/- 30 years when dating samples less than 300 
years old, it provides a basis to determine the pre-and post-dam deposition (Trumbore, 
2004).  
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 In the field, bark chips were extracted from varying depths in the soil pits on the 
millpond-influenced streambanks upstream from both dam sites (Figure 3.6; 10 large 
(>100g) samples were taken using sterile latex gloves and placed in aluminum foil before 
sealing them in plastic bags and freezing them to avoid contamination and spoilage 
(Figure 3.6). Of these, three were dated from the Maxcy’s Mills site at river kilometer 
9.5, and four from the Head Tide cutbank site at river kilometer 10.75 (Figure 3.1). 
Several samples were chosen from the best stratigraphic exposure at each dam to measure 
the deposit age of that particular site. At the Boston College geochemistry lab, I washed 
all of the samples with deionized water to clean off dirt and debris; then, each sample was 
weighed and stored in a labeled glass vial that was then sent for processing. Woods Hole 
Oceanographic Institution (WHOI) laboratory performed the carbon isotopic analysis 
using Accelerator Mass Spectrometry (AMS) in the fall of 2009. At WHOI, the samples 
underwent several acid washes to remove all detritus and to isolate the carbon content 
before AMS analysis. 
Radiocarbon dating works by measuring the amount of the radioisotope 14C 
present in an organic carbon-containing sample. 14C is created by cosmic ray interaction 
with 14N, and the concentration of 14C at the time of death of the organism within the 
sample is equivalent to the amount of 14C in the atmosphere, so the age is calibrated 
against known atmospheric 14C concentrations through time. The half-life of 14C is 5,730 
years. Age is determined by comparing the present concentration to the logarithmic decay 
(beta decay to 14N). Dating is less accurate for samples less than ~300 years due to the 
advent of the industrial age, during which unknown quantities of 14C were dispersed in 
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 the atmosphere. The year 1950 is considered “modern” due to the onset of nuclear testing 
after this date (F modern in Table 3.4; NOSAMS, 2009). The results are reported as the 
fraction modern, which represents the percentage of 14C present in 1950 and is converted 
to an age by the logarithmic decay curve with associated errors (Table 3.4; NOSAMS, 
2009). 
 Process blanks were introduced to eliminate errors associated with the chemical 
preparation. All results were normalized with VPDB (Δ13C international standard, Vienna 
Pee Dee Belimnite), which accounts for the error in fractionation, or the fluctuation of 
isotope ratios as a result of natural decay (d13C).  
3.5 Volume of Legacy Sediment 
  Quantifying the total amount of legacy sediment upstream of a dam effectively 
measures the impact on streambank sedimentation of dam construction and breaching 
(Walter and Merritts, 2008a). The amount of legacy sediment is directly related to dam 
height, channel bed slope and valley topography (Walter et al., 2010). Multiplying the 
millpond’s length, width and depth provides an approximation of the amount of sediment. 
I made a rough estimate of the total volume of legacy sediment stored in the system at 
these locations using the method of Walter et al. (2010), which assumes that 70% of the 
valley bottom is available for legacy sediment storage and the other 30% is comprised of 
the channel bed and hillslope edges. The estimation is not site-specific. I determined the 
total “slab” volume in the entire millpond area by multiplying the valley bottom area by 
the maximum streambank height relative to the channel bed at each site, and then 
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 multiplied this by 0.7 to estimate the total legacy sediment volume; then, calculated the 
total mass of the legacy sediment at both locations using the average dry bulk densities.   
  Because both dams in the study were breached, the modern incised channel 
dimensions were used to estimate the maximum volume of eroded millpond sediment. I 
calculated the volume and mass of the eroded sediment by multiplying the average 
channel width, millpond length and maximum bank height. The difference between the 
assumed 70 % slab and the eroded sediment estimates the remaining legacy sediment in 
the system.  
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 4             RESULTS AND INTERPRETATIONS 
4.1 Extent of Millpond Sedimentation 
   From historical aerial photographs and topographic maps, both Maxcy’s Mills and 
Head Tide dam were breached around the mid-1950s (Figures 4.1, 4.2). Aside from the 
dam breaching, I observed little land use change over time from analysis of historical 
aerial photographs (Figures 4.1, 4.2). Upstream from the former dam site, low-growing 
vegetation with few mature trees on the channel-adjacent surfaces extending laterally at 
least 5 m from the channel were noted. These surfaces were wider closer to the dam and 
narrowed significantly upstream. On aerial photographs, these surfaces appeared lighter 
in color when compared to nearby mature forested land (Figures 4.1, 4.2). Downstream 
of these former dam sites, the channel-adjacent surfaces are narrower and often vegetated 
with mature trees. 
 The extent of the historical millponds was determined using aerial photographs. 
When the dams breached, the millponds drained and left behind elevated deposits of fine-
grained sediment. Because lidar shows the elevation of these deposits, it was used to trace 
the outline of these surfaces within the bounds determined by the aerial photographs. The 
lidar-derived millpond illustrates the area covered by the millpond before the dams 
breached (Figures 4.1, 4.2). At Maxcy’s Mills, the millpond extends 2.5 km upstream in 
the 1940 aerial photograph (Figure 4.1a).  Lidar data at this site generally supports this 
hypothesis (Figure 3.2a), and hydraulic modeling returns show a millpond extending 2.5 
km upstream (section 4.2). The photograph quality at Head Tide was poorer than at 
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Figure 4.1 Panel a shows the 1940 historical aerial photograph of Maxcy’s Mills with the 
red line indicating the hypothesized millpond extent based on lidar interpretation. Panel b 
shows the 1996 aerial photograph, where the channel has narrowed significantly. Panel c 
shows the 1943 topographic map with an obvious millpond extending 2.5 km upstream. 
Panel d is the 1996 topographic map with a narrowed channel.
d
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Figure 4.2 Panel a shows an orthorectified historical aerial photograph taken in 1940 at Head 
Tide Dam. The red line indicates the  hypothesized millpond according to historical photographs 
and mapped using lidar. The orange line on panel b represents the modified extent of dam-
induced ponding after hydraulic modeling showed that the dam influenced flow no more than 1 
km upstream. Panel b also shows a narrowed channel after the dam breached. Photograph was 
taken in 1996. Panel c illustrates digitized, georeferenced topographic maps at Head Tide dam in 
1956 and 1996 (d).  
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c
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1956
N
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b
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1996
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upstream millpond extent
56
 Maxcy’s Mills, making it more difficult to discern the extent of the millpond. I 
hypothesized the millpond extended 2.5 km upstream where a slight change in channel 
width (red line on Figure 4.2a) was noted.  Interpretations were based on the widened 
channel, including a reflective surface that appears white on the 1940 photograph (Figure 
4.2a). This interpretation is supported by the lidar data, which shows a flat, channel 
adjacent surface extending 3 km upstream from Head Tide dam (Figure 3.1b). After 
reviewing the results of my hydraulic modeling, the millpond extent was revised to 1 km 
upstream (orange line, Figure 4.2b). 
 Topographic maps were examined to ensure the validity of the interpretations of 
the aerial photographs. Structures, roads and topography that are difficult to interpret in a 
black and white photograph are easier to see in a drawn topographic map. The 1943 
topographic map at Maxcy’s Mills clearly defines the millpond, as well as structures and 
roads (Figure 4.1c). The 1996 topographic map at the same location shows little land 
development over time and a narrower channel width attributable to dam breaching 
(Figure 4.1d). 
 Lidar DEMs were used to measure longitudinal profiles along the upstream 
channel-adjacent surfaces as well as the centerline of the stream at each site (Figure 4.3).  
The lines extended well above the hypothesized dam-influenced zone.  At Maxcy’s Mills, 
a < 1 m channel-adjacent surface extends 2.5 km upstream from the former dam site 
(black dotted line, Figure 4.3a). At Head Tide dam, a distinct ~2 m high channel-adjacent 
surface persists for about 1 km upstream, followed by a <1 m high surface for > 2 km 
upstream (black dotted line, Figure 4.3b). The heights of these channel-adjacent surfaces 
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Figure 4.3 A longitudinal profile at Maxcy’s Mills (Panel a). The top of the historical dam 
reached 51 m elevation. Since the dam has breached, the streambanks have eroded, but the 
dashed line indicates the probable level of millpond-influenced surfaces upstream. Panel b 
is the long profile at Head Tide dam with the modern dam in place (8.2 m elevation) shown 
with a brown rectangle. A flat surface roughly the same elevation as the top of the dam 
extends 1000 m upstream of the dam site. This flat surface is most likely a result of 
milldam legacy sediment deposition. 
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 are reported as elevation above the water surface, which was derived from lidar 
elevations. At Maxcy’s Mills, the upstream surfaces are slightly lower in elevation than 
the former dam elevation (50 m versus 51 m dam height elevation; Figure 4.3a). At Head 
Tide dam, the upstream surfaces are slightly higher than the dam height (~9 m elevation 
versus 8.2 m elevation of the dam crest; Figure 4.3b). The variations along the channel-
adjacent surface profiles (red and green lines, Figure 4.3) are caused by a combination of 
the low relief, surface topography and trees, which were not completely filtered out of the 
lidar DEM. It is nearly impossible to completely smooth a lidar DEM in an area with 
dense vegetation cover. I used field observations to determine the present geomorphic 
function of these channel-adjacent surfaces. 
            In July 2009, I observed active overbank deposition from a recent flood (July 3, 
2009), illustrating that the channel-adjacent surfaces upstream from both dams are acting 
as floodplains (Figure 4.4). The July 3, 2009 flood had a recurrence interval of <1 year, 
leading me to conclude the streambanks at both locations flood and often receive fine-
grained overbank sediment deposition. 
4.2 Hydraulic Modeling 
 The estimated millpond extents were tested with one dimensional, steady-state 
hydraulic modeling. The calibration scenario, which ran the field-observed overbank 
flooding with the July 3, 2009 flow (Table 3.3) and modern dam conditions, proved the 
model was accurately portraying the channel, bank points, flows and dam geometries 
(Figure 4.5). The channel bank points and n values were checked to ensure accuracy.  
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Figure 4.4 Active overbank sediment deposition following a flood with a recur-
rence interval of less than one year on July 3, 2009, just upstream from Head Tide 
dam on river right. This flood served as a calibration flow due to observed overbank 
deposition.
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 With the calibration, HEC-RAS accurately depicted the overbank flooding just upstream 
of the dam on river right at Head Tide (Figures 4.4, 4.5b, c). At Maxcy’s Mills, the best 
indication of calibration was that the flow spilled over the banks with the model, which 
supported field observations of deposited sediment after the July 2009 event (Figure 
4.5a). I did not test the model with field-based cross sections at Maxcy’s Mills due to 
poor field data. 
 Because lidar cross sections do not penetrate water, field-surveys were used to 
test how well lidar cross sections worked in the model (Figure 4.5b, c); finding that 
calibration using the lidar cross sections were as accurate as field-surveyed cross sections 
(Figure 4.5b, c). At lower flows, the lack of an accurate channel bed elevation would 
make the model inaccurate because the lidar was surveyed during low flows. At higher 
flows, the lidar provided reliable results because there was more of a difference between 
the modeled water surface elevation and the lidar-derived channel elevation. I found that 
lidar cross sections yielded similar results to field-surveyed cross sections, so instead 
used lidar for the analysis because it provided more flexibility in extending them 
upstream of the dam locations to model the full extent of the millpond. 
 Experimental runs with HEC-RAS at Maxcy’s Mills provided support for my 
initial interpretation of the extent of the millpond (Figure 4.6). In Figure 4.6a, with the 
historical dam in place, average annual peak flows (RI= 1.5 yr) illustrate a flat water 
surface extending 2.5 km upstream, which supports my initial aerial interpretation of the 
millpond (Figure 4.1). Annual flows extended slightly beyond the millpond (Figure 4.6b), 
but matched the general area very well. With the historical dam in place, a 10 year flood 
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Figure 4.6 Panel a shows the long profile for Maxcy’s Mills with a historical dam in place and all discharges 
(Table 3.3; dotted green lines above the water) with a millpond extending 2.5 km upstream. Panel b illustrates a 
1.5 year recurrence interval flow and panel c shows a 10 year event in HEC-RAS XYZ perspective (top) and 
ArcGIS (bottom) with the historical dam. Panel d shows the long profile in modern conditions (no dam) for all 
flows (dotted green lines above the water). Panel e illustrates the 1.5 year flow and panel f shows a 10 year flow 
(right) with no dam in place. Yellow lines in HEC-RAS panels show channel bank lines. Red lines in ArcGIS 
indicate the estimated millpond extent derived from lidar elevations. Flow is mapped in ArcGIS on top of a 
filtered lidar hillshade relief.
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 extends well beyond my interpreted millpond (Figure 4.6c), especially up the tributary 
valleys, which is expected for a large flooding event. 
 Modern conditions at Maxcy’s Mills also supported my initial observations 
through the absence of any millpond-like feature in the longitudinal profile (Figure 4.6d). 
The annual flow (R.I. = 1.5 yr) contributed some overbank flow (Figure 4.6e, top), and 
the 10 year event flooded well beyond the banks (Figure 4.6f, top). Compared to the same 
flows with the historical dam in place, overbank inundation was greatly lessened over the 
entire 2.5 km stretch after the dam breached.  
 At Head Tide dam, the model ran the lidar-derived cross sections extending 3 km 
upstream to include the entire hypothesized millpond area. This millpond was derived 
through visual interpretation of historical aerial photographs (Figure 4.2). In running 
HEC-RAS, it appeared the historical dam only affected flow for the first 1 km upstream 
from the dam (Figure 4.7a), where a flat millpond surface was observed. Annual (R.I.= 
1.5 yr) and 10 year events flooded the streambanks but had little effect 2-3 km upstream 
(green lines, Figure 4.7 a, d, g).  
 With the modern, notched dam in place, I still observed a millpond, slightly lower 
in surface elevation, extending 1 km upstream (Figure 4.7d). This millpond disappeared 
entirely when the dam was removed (Figure 4.7g).   
Then, I ran the hybridized field-surveyed cross sections at Head Tide, which only 
extended 0.5 km upstream from the dam (Appendix III) to test the validity of the results 
from the lidar analysis, observing that the dam in varying conditions (intact, notched or 
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Figure 4.7 Panel a shows the long profile at Head Tide dam with a historical dam in place and all discharges 
(Table 3.3; dotted lines above the water) with a millpond 8 m high extending 1 km upstream. Panel b illustrates a 
1.5 year recurrence interval flow and panel c shows a 10 year event in HEC-RAS XYZ perspective (top) and 
ArcGIS (bottom) with the historical dam and lidar cross sections. Panel d shows the long profile in modern 
conditions (notched dam) for all flows. Panel e illustrates the 1.5 year flow and panel f shows a 10 year flow 
(right) with the moderndam in place. Panel g shows a long profile with no dam in place (current lidar conditions), 
and shows no discernible millpond. Panel h shows the 1.5 year flow and panel i shows the 10 year event with no 
dam in place. Yellow lines in HEC-RAS panels show channel bank lines. Red lines in ArcGIS indicate the 
estimated millpond extent derived from lidar elevations. Flow is mapped in ArcGIS on top of a filtered lidar 
hillshade relief.
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 removed) had a significant effect on water surface extents. It is apparent the notched dam 
still affects flow, and contributes to overbank flooding. Overall, the field-surveyed cross 
sections supported the lidar-derived results over all dam scenarios and flows (Appendix 
III). 
 4.3 Channel Bank Sediment and Age 
              Over the course of two summers (2009-2010), field analyses at both dam 
locations were conducted, observing active deposition on the channel-adjacent surfaces 
during the July 3, 2009 event, illustrating that the surfaces are currently being used as 
floodplains (Figure 4.4). At Maxcy’s Mills, I dug five soil pits upstream of the dam 
(Figure 3.1a). From stratigraphic analyses, I determined the streambanks upstream of 
Maxcy’s Mills were relatively homogenous, as determined by bulk density samples taken 
at every soil pit site (Table 4.1).  The average bulk density at Maxcy’s Mills was 958 
kg/m3. The sediments were dominated by layered sandy mud with a base layer of gray 
clay (Table 4.1). The best example of streambank stratigraphy at Maxcy’s Mills was from 
river kilometer 9.5 (Figure 3.1a; Table 4.2). This location is about 1.3 km upstream from 
the former dam.  Though the maximum streambank height was 1.1 m, further upstream, 
soil pits reached a depth of 86 cm before hitting the water table. At the soil pit located at 
river kilometer 9.5 (Figure 3.1a; Table 4.2), several pieces of bark for radiocarbon dating 
(section 3.4.3) were extracted.  To understand how the streambank stratigraphy fit into 
the valley morphology, I dug another soil pit on a forested surface 15 m inland from the 
channel at river kilometer 9.5 (Figure 3.1a; Table 4.2).  
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Maxcy’s Mills River Kilometer 8.6 
Depth from 
top (cm) 
Description Interpretation 
Bulk 
Density 
(kg/m3) 
Radiocarbon 
Samples 
(depth in cm) 
0-18 Soil/Roots 
Recent overbank 
deposit   
18-65 
Gray-brown clay with silt 
and mica chips 
Post-dam reservoir 
sediment  
47 (bark) 
65-76 
Denser clay with organic-
rich layer 
Post-dam reservoir 
bottom sediment   
76 Water Table 
   
Maxcy’s Mills River Kilometer 8.9 
0-10 Roots/Soil 
Recent overbank 
sediment 
  
10-26 
Light brown fine-grained 
sandy mud with mica chips 
and clay 
Post-dam reservoir 
sediment 
868  
26-30 
Grayer in color, more dense 
clayey 
Post-dam reservoir 
bottom sediment 
  
31 Water table    
Maxcy’s Mills River Kilometer 9.5 (forest) 
0-10 Tree roots/Soil Top soil   
10-15 Grayish soil layer 
Soil B Horizon 
with more organics 
  
15-20 
Orange medium-grained 
sandy mud, lightening at 
depth to a light gray-brown 
Soil C Horizon 
with processed 
organics 
  
20-80 Gray sandy mud Paleo flood event? 1095  
Maxcy’s Mills River Kilometer 9.7 
0-6 Shrubby roots/soil 
Recent overbank 
deposit 
  
6-46 
Homogeneous brown sandy 
mud 
Post-dam reservoir 
sediment 
  
46-54 
Grayish fine-grained sandy 
clay 
Post-dam reservoir 
bottom sediment 
821 52 (bark) 
54 Water Table    
Table 4.1 Maxcy’s Mills river kilometers 8.6, 8.9, 9.5, 9.7 soil pit stratigraphy 
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   The soil pit at this location revealed a fairly homogenous, organic-rich sandy mud 
extending to at least a depth of 80 cm at which point there was a layer of gray clay which 
made digging deeper difficult. The forested soil pit showed much less stratification than 
the site on the channel adjacent surface. 
  At Head Tide dam, I dug three soil pits and observed one large cut bank exposure 
upstream of the dam (Figure 3.1b, Tables 4.3, 4.4). I observed channel-adjacent surfaces 
up to 2.65 m thick for at least 0.5 km upstream of Head Tide dam (Figure 3.5a). From 0.5 
km to 2 km upstream of the dam, the surfaces decrease to less than 1 m thick. The 
stratigraphy in these surfaces was fairly uniform, as shown by the bulk density analysis 
(Table 4.3).  
  My primary stratigraphic observations at Head Tide dam were at river kilometer 
10.75, where there was an accessible cutbank exposure on river right (Figure 3.1b; Figure 
3.5a; Table 4.4). This location was approximately 0.3 km upstream from the dam and 5 m 
downstream from a tributary. 
  At each soil pit, there were thin (<1 cm) layers of sand interspersed throughout a 
predominantly homogenous mud (Table 4.3). The bottom layers contained higher levels 
of organic material, apparent with dark gray to black coloration and shreds of bark. At the 
bottom was a layer of rounded pebbles and cobbles averaging 40-60 mm in diameter. 
   At both dam sites, significant evidence of human interaction with the environment 
was observed; a leather hatchet cover was buried 54 cm deep in the channel-adjacent 
surface at Maxcy’s Mills river kilometer 9.5 (Figure 4.8).  
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   Head Tide Dam River Kilometer 10.6 
Depth 
from top 
(cm) 
Description Interpretation 
Bulk 
Density 
(kg/m3) 
Radiocarbon 
Samples 
(depth in 
cm) 
0-7 Roots/soil 
Top soil with recent 
overbank deposition   
7-30 
Sandy mud with some 
layers of coarse-grained 
sand 
Post-dam reservoir 
sediment with flood 
events dispersed 
throughout 
  
30-40 
Sandy mud with 2-3 cm 
diameter pebbles 
Migrating channel 
deposition, pre-dam? 
1079 
 
40 Water Table 
   
Head Tide Dam River Kilometer 10.9 
0-7 Roots/Soil 
Recent overbank 
deposition 
  
7-40 
Light brown, fine-grained 
sandy mud 
Post-dam reservoir 
sediment with floods 
934  
40-50 Coarse Sand, well -sorted Buried point bar 1238 41.3 (bark) 
50-56 Grayish clayey mud 
Pre-dam  overbank 
deposit 
  
56 Water table    
Head Tide Dam River Kilometer 11.0 
0-7 Roots/Soil 
Recent overbank 
deposit 
  
7-38 
Light Brown fine sandy 
mud with iron staining 
Post-dam reservoir 
sediment with some 
floods dispersed 
throughout 
868  
38-40 
Gray fine sandy mud and 
clay 
Post-dam reservoir 
sediment 
  
40 Water Table    
     
Table 4.3 Head Tide dam river kilometer 10.6, 10.9, 11.0  soil pit stratigraphy 
  At river kilometer 9.5, all but one collected bark sample returned an age within 
the onset of Colonial settlement in New England (Tables 4.2, 4.5). Maxcy’s Mills dam 
was first constructed in 1809, 30 years after the age of the bark piece closest to the 
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 bottom of the soil pit, but within the error measurement of ± 40 years (Table 4.5). The 
youngest date in a stratigraphic column confines the overall age of the deposit to that of 
the modern era. The oldest bark piece was stratigraphically deposited above the younger 
pieces, which may have been the result of the radiocarbon “old wood problem” (Schiffer, 
1984).  In radiocarbon dating, the determined age of the organism is assumed to be 
roughly equivalent to the time of deposition. However, in the case of dating pieces of tree 
bark, the tree itself may have been very old at the time of death, and therefore the dating 
technique may be off by several hundred years (Schiffer, 1984). Old trees are common in 
the Sheepscot watershed, making it probable that bark from an old tree was deposited 
along the streambanks and was then eventually buried under new sediment.  
  From the general age of the total collected bark samples, along with their relative 
stratigraphic position, I conclude that the entire deposit, which constitutes a sample of the 
sediment underlying the channel-adjacent surface 1.7 km upstream of the former dam 
location, was deposited during modern times, around or after the construction of Maxcy’s 
Mills dam (Figure 3.1). Therefore, there was at least 76 cm (the deepest depth of a bark 
piece extracted for radiocarbon dating) of deposition since 1775 C.E., and a maximum of 
1.1 m (the highest observed streambank height), which I conclude is a result of dam-
influenced legacy sediment deposition and some (probably minor) post-breaching 
overbank sedimentation. Evidence of buried human impacts, such as an antique hatchet 
cover unearthed at 56 cm depth (Figure 4.8), support my interpretation of modern 
deposition. 
 
 
72
Figure 4.8 A leather hatchet cover was unearthed 56 cm deep at a soil pit located 
5 m inland from the channel at river kilometer 9.5 upstream from Maxcy’s Mills 
dam.
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Location Depth 
(cm) 
Age  
(before 
1950) 
Age 
Error  
(year) 
Year of 
Deposit 
(CE) 
d13C F Modern 
F 
Modern 
Error 
Maxcy’s 
Mills 58 1750 30 200 -24.9 0.81 3 x 10
-3 
Maxcy’s 
Mills 62 220 25 1730 -26.1 0.97 3 x 10
-3 
Maxcy’s 
Mills 76 175 40 1775 -24.4 0.98 5 x 10
-3 
Head Tide 137 105 30 1845 -23.7 0.99 4 x 10-3 
Head Tide 152 350 25 1600 -22.8 0.96 3 x 10-3 
Head Tide 164 265 50 1685 -27.2 0.97 6 x 10-3 
Head Tide 187 180 25 1770 -27.0 0.98 3 x 10-3 
Table 4.5 Radiocarbon results for both locations. CE refers to “Common Era”.   
  Radiocarbon dating of the five bark pieces collected at river kilometer 10.75 
determined their age to be within the era of post-Colonial dam building (Tables 4.4, 4.5). 
One sample, sandwiched between much younger samples, was dated to be pre-Colonial 
settlement (Table 4.5). The age of the sample at the lowest depth (187 cm depth, 180 ± 25 
years) constrains the date of the entire deposit above this location. Head Tide dam was 
built in the 1760s though the exact year is unknown. Because the error associated with 
the bark piece located at 187 cm depth is statistically the same as the date of dam 
construction, I conclude the entire deposit above 187 cm was deposited after the dam was 
constructed and is therefore a result of dam-influenced sedimentation, but also receives 
active overbank deposition (Figure 4.4).  
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 4.4  Quantification of Dam-Related Sediment 
  The total amount of dam-related sediment that the former millponds were capable 
of storing, as well as the eroded and existing millpond sediment in the floodplains 
upstream of the former dams were calculated. I assumed the dam-related sediment only 
extended as far as the millponds drawn on the flat, channel-adjacent surfaces using lidar 
and cross-referenced with historical aerial photographs and a HEC-RAS analysis (within 
1 km upstream from Head Tide dam and 2.5 km upstream from Maxcy’s Mills; Figures 
4.1, 4.2). From the field analysis, the maximum estimated deposit thicknesses at both 
locations were 1.1 m at Maxcy’s Mills and 2.65 m at Head Tide (section 3.5, Tables 4.1-
4.4). 
  From a method used by Walter et al. (2010), the dam-related sediment volume 
was assumed to constitute 70% of the area of the former millpond. Before Maxcy’s Mills 
dam breached, I determined there could be 1.1 x 105 m3 of millpond sediment upstream 
(Table 4.6). At Head Tide dam, I calculated 2.1 x 105 m3 of dam-related sediment within 
the geographic constraints of the former millpond (Table 4.7). Using the averaged bulk 
density at each location (Tables 4.1-4.4), the total mass of dam related sediment upstream 
of Maxcy’s Mills dam was 1.1 x 108 kg (Table 4.6). The total mass of sediment behind 
Head Tide dam was 2.4 x 108 kg (Table 4.6). 
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 Millpond Sedimentation 
Site 
Millpond 
Area (m2) 
Max 
Thickness 
(m) 
Slab 
Volume 
(m3) 
70% Slab 
Volume 
(m3) 
70% Slab 
Mass 
(kg) 
Maxcy’s 
Mills 
1.4 x 105 1.1 1.5 x 105 1.1 x 105 1.1 x 108 
Head Tide  1.1 x 105 2.65 3.0 x 105 2.1 x 105 2.4 x 108 
Table 4.6 Total mass and volume of millpond sediment upstream of former dam sites 
 Because both dams were breached and the millpond significantly narrowed over 
time, I then calculated the amount of eroded legacy sediment by using the geometries of 
the modern channel upstream at both sites. Roughly 42% of the legacy sediment at 
Maxcy’s Mills eroded after the dam breached (Table 4.7). At Head Tide, where the dam 
is still partially intact, 86% of the legacy sediment eroded (Table 4.8). The higher 
existing percentage of legacy sediment at Head Tide dam is most likely due to an 
overestimation of the stored sediment, due in part to the channel most likely taking up 
more than 30% of the slab (Table 4.6). 
Eroded Millpond Sedimentation 
Site 
Average Channel 
Width (m) 
Length (m) Volume (m3) Mass (kg) 
Maxcy’s 
Mills 
17 2.5 x 103 4.6 x 104 4.4 x 107 
Head Tide 28 1.1 x 103 1.8 x 105 2.0 x 108 
Table 4.7 Total eroded millpond sediment at both locations 
The total amount of legacy sediment remaining at both locations was determined 
by subtracting the eroded sediment from the original sediment (Table 4.8).  From this 
information, I conclude there is still a substantial amount of dam related, legacy sediment 
76
 persisting in the Sheepscot River more than six decades after dam breaching, affecting 
floodplain morphology and processes. 
Remaining Millpond Sediment 
Site Volume (m3) 
Remaining 
Mass (kg) 
Percent of 
Initial (%) 
Maxcy’s 
Mills 
6.4 x 104 6.6 x 107 58 
Head Tide 3.0 x 104 4.0 x 107 14 
Table 4.8 Remaining dam-related sediment at both dam locations 
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 5 DISCUSSION AND CONCLUSIONS 
5.1 Does the Sheepscot River Valley Store Milldam Legacy Sediment? 
       The two locations were chosen due to previous work that showed channel 
narrowing over time occurred after milldam breaching (Figure 1.6; Hazlinsky and 
Snyder, 2007). Both dams in this study have historical information that provides dates 
when the dams were built, how they were used, and how land-use has changed over the 
past few centuries (Halsted, 2002; SVCA, 2009). This information allows comparison of 
the effects of milldam construction and breaching on sedimentation in a post-glacial river 
that has similar land-use history to milldam-influenced streams in the mid-Atlantic 
Piedmont region, where studies have concluded dams significantly impact sedimentation 
for decades after they have breached (Walter and Merritts, 2008a; Pizzuto and O’Neal, 
2009). Sediment deposition and mobility is important in the Sheepscot River due to 
Atlantic salmon habitat restoration initiatives (SVCA, 2009). 
   Previous studies in the mid-Atlantic region showed that milldam sediment 
remains in the system, often filling valley bottoms far upstream of the former dam sites 
(Walter and Merritts, 2008a; Pizzuto and O’Neal, 2009). For comparison, I quantified the 
upstream effect of the dams to define the extent of the former millponds by comparing 
historical aerial photographs to modern photographs and also by identifying flat, channel-
adjacent surfaces as potential reservoirs of milldam sediment using lidar elevation model. 
This interpretation was tested using a one-dimensional hydraulic modeling, adjusting the 
original estimate of a 2.5 km long millpond at Head Tide dam. The hydraulic modeling 
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 reduced this extent down to 1 km. I then radiocarbon dated organic material in these areas 
to determine if the age of the deposits corresponded to the age of the dams. My results 
showed that both dams heavily influenced upstream bank sedimentation, which remains 
geomorphically active 60+ years after breaching (Figures 5.1 and 5.2). My conclusion is 
that the Sheepscot River stores legacy sediment on the same general scale as streams in 
the mid-Atlantic Piedmont region.  
5.2 Evaluating the Presence of Legacy Sediment in the Study Area 
 The effects of legacy sediment are unique to each system. When comparing land 
use history similarities between the Sheepscot River and the mid-Atlantic Piedmont 
streams, I initially believed both systems would store milldam sediment in a similar 
fashion. I did not have enough data to quantify the effect of milldam sedimentation on the 
entire Sheepscot River, only how it affected two specific reaches. 
 The initial interpretation of the millpond-influenced area at Maxcy’s Mills was 
proven correct through hydraulic modeling- milldams influence sedimentation for 
decades after they have breached. However, the interpretation of a 2.5 km millpond at 
Head Tide dam was adjusted due to the hydraulic modeling results (section 4.2). In 
Figure 4.7a, with the historical dam in place, I determined the upstream extent of 
millpond inundation to be 1 km, which is logical with a dam height of 4 m and a 
relatively steep slope at this location.  The streambanks 1 km upstream from the dam are 
up to 2.65 m thick and contain nearly all dam-related sediment (about 3.0 x 104 m3 or 4.0 
x 107 kg; Tables 4.4 and 4.8). They are currently functioning as floodplains; however, the 
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Figure 5.1  Lidar-derived cross sections from upstream of Maxcy’s Mills dam illus-
trate valley morphology. The shaded area represents channel-adjacent deposits within 
the former millpond that are legacy sediment deposition. The numbers and letters at 
the top-center of each figure express the location (Maxcy’s Mills) and river kilometer 
of the cross section. Locations of cross sections shown in Figure 3.1a.
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Figure 5.2 Cross sections upstream of Head Tide dam using lidar-derived elevation data. 
Shaded area denotes sediment within the former millpond extent assumed to be dam-
related. The numbers and letters at the top-center of each figure express the location (Head 
Tide dam) and river kilometer of the cross section. Locations of cross sections are illus-
trated in Figure 3.1b.
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 dam still remains standing in the channel and influences bank deposition, as shown by the 
hydraulic modeling results with no dam in place (Figure 4.7g). I do not have enough 
information to hypothesize how the streambanks in the river section above 1 km 
upstream from the dam formed in pre-settlement conditions. In contrast, a similar, 
breached dam still in place in the channel would most likely have had more dam-related 
sediment upstream in the Piedmont region.  
      The average volume of legacy sediment that could have been stored upstream of 
each dam prior to breaching is similar but on a smaller scale, to that observed  across 
several similar-sized mid-Atlantic Piedmont streams (1.1-2.1 x 105 m3 at my sites versus 
6.5 x 105 m3 in the mid-Atlantic region; Table 4.6; Walter et al., 2010). I also found that 
the percentage of eroded, post-breaching legacy sediment was comparable, but on the 
high end of the amounts calculated in mid-Atlantic Piedmont streams (42% at Maxcy’s 
Mills, 86% at Head Tide; Table 4.8; Walter et al., 2010).  The high percentage of erosion 
occurring at Head Tide dam is most likely a result of under-estimating the area taken up 
by the channel in the initial calculations (Table 4.6), and the steep slope at this location. 
Because the stream is very narrow above the dam, the channel most likely takes up much 
more than the assumed (by Walter, et al., 2010) 70% of the valley slab. 
Similarities between the Sheepscot River and the Piedmont region are twofold: 
first, milldam construction adds a similar amount of fine grained sediment to both 
systems; second, erosional processes scour away the sediment post-breaching in both 
regions. Both mid-coastal Maine and the mid-Atlantic Piedmont region streams store 
legacy sediment upstream from former dams in flat, channel-adjacent surfaces. In mid-
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 coastal Maine, I found these surfaces currently act as floodplains and are a dynamic part 
of the fluvial environment. Many of these surfaces in the mid-Atlantic Piedmont act as 
abandoned terraces because the river has deeply incised into these sediments. Erosion of 
these sediments has caused significant ecological harm downstream, including 
eutrophication of the Chesapeake Bay and sediment-filled dams (Walter et al., 2010). 
Eutrophication, so far, is not a problem in mid-coastal Maine due to fewer farms (the 
largest contributor of nonpoint source nutrient loading), and less development than that 
seen in the mid-Atlantic.  
There was little evidence of a pre-dam environment in the Sheepscot River, so I 
could not make a direct comparison to the mid-Atlantic Piedmont pre-dam environments. 
But through my results, I hypothesize that without dams in place, the floodplains on the 
Sheepscot River would be much lower in elevation; probably less than 50 cm above the 
water surface and the systems may have looked very different, concluding from 
radiocarbon dates that the entire streambank was composed of dam-related sediment. 
Differences in land use (most notably fewer farms and urbanized areas), as well as less 
overall sediment supply and erosion in the Sheepscot River as compared to the mid-
Atlantic Piedmont streams means that the Sheepscot River has a different suite of 
restoration needs than do other dam-influenced systems. Species-specific restoration 
goals may be an option for the Sheepscot River and other mid-coastal Maine streams. 
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 5.3 Implications for Restoration 
       One important goal for restoration in the Sheepscot River valley should be to 
provide habitat for migrating Atlantic salmon and other fish species. Another goal is to 
restore the stream through a process-based approach that allows for resilience. I do not 
know what the system looked like before Colonial settlement, so there is no guiding 
image for channel restructuring. What I do know, however, is that the Sheepscot River 
had populations of native fish species that spawned upstream prior to dam building in the 
17th-19th centuries (Halsted, 2002; SVCA, 2009). The pre-Colonial Sheepscot River 
presumably provided relatively unobstructed channels (apart from beaver dams), medium 
grained gravel substrate for spawning, deep pools for hiding from predators, and 
significant channel complexity in order to host Atlantic salmon populations. 
       This analysis has shown the Sheepscot River has been heavily influenced by dam 
building and breaching. Though Head Tide dam was notched for Atlantic salmon 
passage, it still provides an in-channel obstacle for fish, as it remains a barrier for 
American shad. The floodplain for several kilometers upstream of the dam is composed 
entirely of dam-related sediment (Figure 4.3b; Table 4.5). Some erosion of these banks 
undoubtedly occurs during high-flow events, though I did not observe active erosion in 
the field during the summer of 2009, in spite of high discharges during the summer and a 
large flood the preceding spring.        
This analysis has shown the Sheepscot River has similar impacts from milldam 
building and breaching as seen in the mid-Atlantic Piedmont region, with notable 
84
 differences in the height, functionality and erodibility of its legacy sediment-influenced 
streambanks (section 5.2). Restoration strategies in the mid-Atlantic Piedmont sometimes 
aim to restore streams to a known, pre-Colonial state by removing the calculated volume 
of milldam-influenced sediment in the channel-adjacent surfaces and restoring similar 
gradient, structure and riparian habitat as was determined to exist prior to dam building 
(Palmer, 2009; Walter et al., 2010; Wilcock, 2010). These measures are taken due to the 
highly erodible banks and detrimental environmental impacts of suspended legacy 
sediment downstream (Palmer, 2009; Walter et al., 2010). However, it is a difficult if not 
impossible feat to accomplish this level of restoration in all dam-influenced North 
American rivers (Wilcock, 2008; Palmer, 2009). The Sheepscot River and mid-coast 
Maine have different restoration needs than the mid-Atlantic Piedmont region. Therefore, 
I do not advocate removing the legacy sediment out of the Sheepscot River valley or 
significant channel reconstruction, but would instead focus restoration on creating a 
resilient system with functioning morphodynamic feedbacks that enhance the river in its 
current state and prepare it for future change. 
       The first step of this process is to remove or modify existing channel barriers, 
such as dams, so that migrating fish may move upstream. Dams alter the hydrology and 
structure of a river, forcing it into a different state of equilibrium in which it may not be 
able to adequately respond to changes in its environment (Snyder, 2012). Removal of 
obstacles restores the river’s geomorphic functional balance between erosion and 
deposition in accord with environmental changes. Restoration of streams with barriers 
allows the system to gain more channel complexity and flow dynamics, which are 
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 compromised when in-channel obstacles are constructed. Restoring fluvial processes 
allows a river to become resilient and essentially restore itself over time to a state in 
which it may exist in balance with its environment (Holling, 1979; Snyder, 2012). Rather 
than focusing on a complete overhaul of the current system, restoration should aim to 
restore a process-based morphodynamic feedback mechanism so that any river like the 
Sheepscot, located in an anthropogenically influenced environment subject to future land-
use change, can be resilient through time. 
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Appendix I: Leica total station elevations vs. Lidar elevations 
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 Appendix II: Total Station data 
BASE STATION 1 
MAXCYS MILLS 
FILE: 1___1990.10o 000054158 
 
                              NGS OPUS SOLUTION REPORT 
                              ======================== 
 
All computed coordinate accuracies are listed as peak-to-peak values. 
For additional information: 
http://www.ngs.noaa.gov/OPUS/about.html#accuracy 
 
      USER: strousst@bc.edu DATE: August 02, 2010 
RINEX FILE: 1___199n.10o TIME: 20:07:06 UTC 
 
 
  SOFTWARE: page5 0909.08 master28.pl 081023 START: 2010/07/18 13:24:00 
 EPHEMERIS: igr15930.eph [rapid] STOP: 2010/07/18 16:43:00 
  NAV FILE: brdc1990.10n OBS USED: 5611 / 6465 : 87% 
  ANT NAME: LEIAX1202A NONE # FIXED AMB: 38 / 47 : 81% 
ARP HEIGHT: 1.78 OVERALL RMS: 0.018(m) 
 
 
 REF FRAME: NAD_83(CORS96)(EPOCH:2002.0000) ITRF00 (EPOCH:2010.5442) 
       
         X: 1596599.135(m) 0.035(m) 1596598.357(m) 0.035(m) 
         Y: -4285176.366(m) 0.051(m) -4285174.950(m) 0.051(m) 
         Z: 4431334.189(m) 0.051(m) 4431334.148(m) 0.051(m) 
 
       LAT: 44 17 28.68375 0.002(m) 44 17 28.71896 0.002(m) 
     E LON: 290 26 4.98328 0.034(m) 290 26 4.97270 0.034(m) 
     W LON: 69 33 55.01672 0.034(m) 69 33 55.02730 0.034(m) 
    EL HGT: 23.324(m) 0.072(m) 22.151(m) 0.072(m) 
 ORTHO HGT: 48.957(m) 0.072(m) [NAVD88 (Computed using GEOID09)] 
 
                        UTM COORDINATES STATE PLANE COORDINATES 
                         UTM (Zone 19) SPC (1802 ME W) 
Northing (Y) [meters] 4904383.190 162156.111 
Easting (X) [meters] 454901.294 947996.542 
Convergence [degrees] -0.39474709 0.41995858 
Point Scale 0.99962501 0.99999499 
Combined Factor 0.99962136 0.99999133 
 
US NATIONAL GRID DESIGNATOR: 19TDK5490104383(NAD 83) 
 
 
                              BASE STATIONS USED 
PID DESIGNATION LATITUDE LONGITUDE DISTANCE(m) 
AJ2693 YMTS MTS YARMOUTH COOP CORS ARP N434754.610 W0701120.298 74140.1 
DJ7831 BRU5 BRUNSWICK 5 CORS ARP N435323.306 W0695647.662 54060.9 
AH5044 BARH BAR HARBOR CORS ARP N442342.137 W0681318.080 107757.5 
99
  
                 NEAREST NGS PUBLISHED CONTROL POINT 
PE1249 P 45 N441700. W0693342. 932.6 
 
This position and the above vector components were computed without any  
knowledge by the National Geodetic Survey regarding the equipment or  
field operating procedures used. 
BASE STATION 66 
FILE: 66__1990.10o 000119519 
 
                              NGS OPUS-RS SOLUTION REPORT 
                              ======================== 
 
      USER: strousst@bc.edu DATE: August 02, 2010 
RINEX FILE: 66__199r.10o TIME: 20:13:59 UTC 
 
 
  SOFTWARE: rsgps 1.35 RS50.prl 1.60 START: 2010/07/18 17:10:30 
 EPHEMERIS: igr15930.eph [rapid] STOP: 2010/07/18 19:04:30 
  NAV FILE: brdc1990.10n OBS USED: 6723 / 10827 : 62% 
  ANT NAME: LEIAX1202A NONE QUALITY IND. 33.82/ 47.39 
ARP HEIGHT: 1.902 NORMALIZED RMS: 0.460 
 
 
 REF FRAME: NAD_83(CORS96)(EPOCH:2002.0000) ITRF00 (EPOCH:2010.54453) 
      
         X: 1596435.937(m) 0.011(m) 1596435.159(m) 0.011(m) 
         Y: -4285060.458(m) 0.025(m) -4285059.042(m) 0.025(m) 
         Z: 4431503.695(m) 0.024(m) 4431503.654(m) 0.024(m) 
 
       LAT: 44 17 36.36094 0.010(m) 44 17 36.39615 0.010(m) 
     E LON: 290 25 59.91054 0.011(m) 290 25 59.89996 0.011(m) 
     W LON: 69 34 0.08946 0.011(m) 69 34 0.10004 0.011(m) 
    EL HGT: 23.166(m) 0.034(m) 21.993(m) 0.034(m) 
 ORTHO HGT: 48.800(m) 0.034(m) [NAVD88 (Computed using GEOID09)] 
 
                        UTM COORDINATES STATE PLANE COORDINATES 
                         UTM (Zone 19) SPC (1802 ME W) 
Northing (Y) [meters] 4904620.836 162392.245 
Easting (X) [meters] 454790.511 947882.349 
Convergence [degrees] -0.39574621 0.41899053 
Point Scale 0.99962514 0.99999485 
Combined Factor 0.99962150 0.99999122 
 
US NATIONAL GRID DESIGNATOR: 19TDK5479004620(NAD 83) 
 
                              BASE STATIONS USED 
PID DESIGNATION LATITUDE LONGITUDE DISTANCE(m) 
DJ7831 BRU5 BRUNSWICK 5 CORS ARP N435323.306 W0695647.662 54192.9 
AJ2693 YMTS MTS YARMOUTH COOP CORS ARP N434754.610 W0701120.298 74238.8 
AH5044 BARH BAR HARBOR CORS ARP N442342.137 W0681318.080 107842.2 
AJ1830 BARN BARTLETT CORS ARP N440556.684 W0710934.400 129151.4 
100
 DL7764 P776 GUNSTOCKMRNH2008 CORS ARP N433235.721 W0712242.789 167699.2 
DL3079 VTIP ISLAND POND CORS ARP N444912.180 W0715325.839 193675.0 
DJ8957 VTOX BRADFORD CORS ARP N440028.165 W0720651.610 206259.8 
AH5046 EPRT EASTPORT CORS ARP N445431.319 W0665931.668 215510.4 
AF9563 VCAP VERMONT CAPITAL CORS ARP N441543.106 W0723456.555 240746.7 
 
                 NEAREST NGS PUBLISHED CONTROL POINT 
PE1249 P 45 N441700. W0693342. 1193.5 
 
This position and the above vector components were computed without any  
knowledge by the National Geodetic Survey regarding the equipment or  
field operating procedures used. 
Maxcys Mills2 
Base Station 1 
FILE: 1___2020.10o 000054551 
 
                              NGS OPUS SOLUTION REPORT 
                              ======================== 
 
All computed coordinate accuracies are listed as peak-to-peak values. 
For additional information: 
http://www.ngs.noaa.gov/OPUS/about.html#accuracy 
 
      USER: strousst@bc.edu DATE: August 03, 2010 
RINEX FILE: 1___202n.10o TIME: 13:53:34 UTC 
 
 
  SOFTWARE: page5 0909.08 master28.pl 081023 START: 2010/07/21 13:01:00 
 EPHEMERIS: igr15933.eph [rapid] STOP: 2010/07/21 15:00:00 
  NAV FILE: brdc2020.10n OBS USED: 3735 / 3989 : 94% 
  ANT NAME: LEIAX1202A NONE # FIXED AMB: 27 / 32 : 84% 
ARP HEIGHT: 1.8352 OVERALL RMS: 0.012(m) 
 
 
 REF FRAME: NAD_83(CORS96)(EPOCH:2002.0000) ITRF00 (EPOCH:2010.5523) 
       
         X: 1596343.032(m) 0.008(m) 1596342.254(m) 0.008(m) 
         Y: -4285039.833(m) 0.036(m) -4285038.417(m) 0.036(m) 
         Z: 4431556.868(m) 0.051(m) 4431556.827(m) 0.051(m) 
 
       LAT: 44 17 38.76507 0.062(m) 44 17 38.80028 0.062(m) 
     E LON: 290 25 56.30831 0.006(m) 290 25 56.29772 0.006(m) 
     W LON: 69 34 3.69169 0.006(m) 69 34 3.70228 0.006(m) 
    EL HGT: 23.249(m) 0.017(m) 22.076(m) 0.017(m) 
 ORTHO HGT: 48.884(m) 0.017(m) [NAVD88 (Computed using GEOID09)] 
 
                        UTM COORDINATES STATE PLANE COORDINATES 
                         UTM (Zone 19) SPC (1802 ME W) 
Northing (Y) [meters] 4904695.565 162465.865 
Easting (X) [meters] 454711.197 947801.951 
Convergence [degrees] -0.39644975 0.41829672 
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 Point Scale 0.99962522 0.99999476 
Combined Factor 0.99962158 0.99999111 
 
US NATIONAL GRID DESIGNATOR: 19TDK5471104695(NAD 83) 
 
                              BASE STATIONS USED 
PID DESIGNATION LATITUDE LONGITUDE DISTANCE(m) 
AJ2693 YMTS MTS YARMOUTH COOP CORS ARP N434754.610 W0701120.298 74239.8 
DJ7831 BRU5 BRUNSWICK 5 CORS ARP N435323.306 W0695647.662 54209.3 
AH5044 BARH BAR HARBOR CORS ARP N442342.137 W0681318.080 107913.2 
 
                 NEAREST NGS PUBLISHED CONTROL POINT 
PE1249 P 45 N441700. W0693342. 1291.3 
 
This position and the above vector components were computed without any  
knowledge by the National Geodetic Survey regarding the equipment or  
field operating procedures used. 
BASE STATION 1 
From: opus <opus@NGS.NOAA.GOV> 
Subject: OPUS solution : 1___1940.10o 000053904 
Date: Mon, 2 Aug 2010 12:49:03 -0400 
To: strousst@bc.edu 
 
view source  
FILE: 1___1940.10o 000053904 
 
                              NGS OPUS SOLUTION REPORT 
                              ======================== 
 
All computed coordinate accuracies are listed as peak-to-peak values. 
For additional information: 
http://www.ngs.noaa.gov/OPUS/about.html#accuracy 
 
      USER: strousst@bc.edu DATE: August 02, 2010 
RINEX FILE: 1___194s.10o TIME: 16:49:01 UTC 
 
  SOFTWARE: page5 0909.08 master10.pl 081023 START: 2010/07/13 18:45:00 
 EPHEMERIS: igs15922.eph [precise] STOP: 2010/07/13 21:23:00 
  NAV FILE: brdc1940.10n OBS USED: 6257 / 6867 : 91% 
  ANT NAME: LEIAX1202A NONE # FIXED AMB: 32 / 35 : 91% 
ARP HEIGHT: 1.730 OVERALL RMS: 0.014(m) 
 REF FRAME: NAD_83(CORS96)(EPOCH:2002.0000) ITRF00 (EPOCH:2010.5311) 
       
         X: 1596954.403(m) 0.054(m) 1596953.626(m) 0.054(m) 
         Y: -4299568.354(m) 0.075(m) -4299566.936(m) 0.075(m) 
         Z: 4417282.231(m) 0.051(m) 4417282.188(m) 0.051(m) 
 
       LAT: 44 6 54.82878 0.041(m) 44 6 54.86386 0.041(m) 
     E LON: 290 22 33.98094 0.029(m) 290 22 33.97039 0.029(m) 
     W LON: 69 37 26.01906 0.029(m) 69 37 26.02961 0.029(m) 
    EL HGT: -15.203(m) 0.100(m) -16.382(m) 0.100(m) 
 ORTHO HGT: 10.463(m) 0.100(m) [NAVD88 (Computed using GEOID09)] 
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                         UTM COORDINATES STATE PLANE COORDINATES 
                         UTM (Zone 19) SPC (1802 ME W) 
Northing (Y) [meters] 4884860.546 142559.798 
Easting (X) [meters] 450076.717 943447.944 
Convergence [degrees] -0.43430397 0.37783180 
Point Scale 0.99963065 0.99998987 
Combined Factor 0.99963304 0.99999226 
 
US NATIONAL GRID DESIGNATOR: 19TDJ5007684860(NAD 83) 
                              BASE STATIONS USED 
PID DESIGNATION LATITUDE LONGITUDE DISTANCE(m) 
AJ1830 BARN BARTLETT CORS ARP N440556.684 W0710934.400 122958.4 
DI1075 NHUN U NEW HAMPSHIRE CORS ARP N430833.179 W0705706.863 152195.4 
DJ7831 BRU5 BRUNSWICK 5 CORS ARP N435323.306 W0695647.662 36015.5 
 
                 NEAREST NGS PUBLISHED CONTROL POINT 
PE1229 V 44 N440652. W0693737. 259.0 
 
This position and the above vector components were computed without any  
knowledge by the National Geodetic Survey regarding the equipment or  
field operating procedures used. 
 
BASE STATION 34 
 
From: opus <opus@NGS.NOAA.GOV> 
Subject: OPUS solution : 34__1950.10o 000053920 
Date: Mon, 2 Aug 2010 13:03:25 -0400 
To: strousst@bc.edu 
 view source    
FILE: 34__1950.10o 000053920 
 
                              NGS OPUS SOLUTION REPORT 
                              ======================== 
 
All computed coordinate accuracies are listed as peak-to-peak values. 
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 For additional information: 
http://www.ngs.noaa.gov/OPUS/about.html#accuracy 
 
      USER: strousst@bc.edu DATE: August 02, 2010 
RINEX FILE: 34__195q.10o TIME: 17:03:21 UTC 
 
 
  SOFTWARE: page5 0909.08 master40.pl 081023 START: 2010/07/14 16:56:00 
 EPHEMERIS: igs15923.eph [precise] STOP: 2010/07/14 19:32:00 
  NAV FILE: brdc1950.10n OBS USED: 4646 / 5234 : 89% 
  ANT NAME: LEIAX1202A NONE # FIXED AMB: 31 / 35 : 89% 
ARP HEIGHT: 1.8325 OVERALL RMS: 0.014(m) 
 
 
 REF FRAME: NAD_83(CORS96)(EPOCH:2002.0000) ITRF00 (EPOCH:2010.5336) 
       
         X: 1596953.514(m) 0.022(m) 1596952.737(m) 0.022(m) 
         Y: -4299569.930(m) 0.012(m) -4299568.512(m) 0.012(m) 
         Z: 4417281.022(m) 0.045(m) 4417280.979(m) 0.045(m) 
 
       LAT: 44 6 54.77432 0.031(m) 44 6 54.80940 0.031(m) 
     E LON: 290 22 33.91879 0.025(m) 290 22 33.90824 0.025(m) 
     W LON: 69 37 26.08121 0.025(m) 69 37 26.09176 0.025(m) 
    EL HGT: -15.206(m) 0.034(m) -16.385(m) 0.034(m) 
 ORTHO HGT: 10.460(m) 0.034(m) [NAVD88 (Computed using GEOID09)] 
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                        UTM COORDINATES STATE PLANE COORDINATES 
                         UTM (Zone 19) SPC (1802 ME W) 
Northing (Y) [meters] 4884858.877 142558.108 
Easting (X) [meters] 450075.323 943446.573 
Convergence [degrees] -0.43431587 0.37781968 
Point Scale 0.99963065 0.99998987 
Combined Factor 0.99963304 0.99999226 
 
US NATIONAL GRID DESIGNATOR: 19TDJ5007584858(NAD 83) 
 
 
                              BASE STATIONS USED 
PID DESIGNATION LATITUDE LONGITUDE DISTANCE(m) 
AJ1830 BARN BARTLETT CORS ARP N440556.684 W0710934.400 122957.0 
AJ2693 YMTS MTS YARMOUTH COOP CORS ARP N434754.610 W0701120.298 57404.8 
DJ7831 BRU5 BRUNSWICK 5 CORS ARP N435323.306 W0695647.662 36013.4 
 
                 NEAREST NGS PUBLISHED CONTROL POINT 
PE1229 V 44 N440652. W0693737. 257.1 
 
This position and the above vector components were computed without any 
knowledge by the National Geodetic Survey regarding the equipment or 
field operating procedures used. 
BASE STATION 98 
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 FILE: 98__1960.10o 000119422 
 
 6011 Warning - OPUS-RS was able to find a set of reference stations 
 6011 with data suitable for use with your dataset. However, your  
 6011 position does not fall within the polygon enclosing these 
reference 
 6011 stations. This means that the geographic interpolation algorithms 
 6011 performed within OPUS-RS must instead perform extrapolation. 
 6011 Extrapolation, especially if your position is far from the  
 6011 reference stations, is prone to error. Use this solution with 
 6011 caution. 
        Your station is 35.9 KM outside the polygon enclosing the 
reference stations. 
 
 6024  
 6024 ************** WARNING *********************** 
 6024 The Network Quality Indicator for the rover solution 
 6024 is less than 1.0. This is often a warning sign that 
 6024 one or more of the baselines involving your station were  
 6024 weakly determined. You should check other quality indicators, 
 6024 such as standard errors. If possible, corroborate 
 6024 this position with a solution involving a different time period. 
 6024 ************** WARNING *********************** 
 6024  
                              NGS OPUS-RS SOLUTION REPORT 
                              ======================== 
 
      USER: strousst@bc.edu DATE: August 02, 2010 
RINEX FILE: 98__196n.10o TIME: 17:37:05 UTC 
 
 
  SOFTWARE: rsgps 1.35 RS40.prl 1.60 START: 2010/07/15 13:38:00 
 EPHEMERIS: igs15924.eph [precise] STOP: 2010/07/15 14:00:00 
  NAV FILE: brdc1960.10n OBS USED: 1674 / 1863 : 90% 
  ANT NAME: LEIAX1202A NONE QUALITY IND. 15.44/ 0.14 
ARP HEIGHT: 1.820 NORMALIZED RMS: 0.370 
 
 
 REF FRAME: NAD_83(CORS96)(EPOCH:2002.0000) ITRF00 (EPOCH:2010.53582) 
      
         X: 1596743.048(m) 0.012(m) 1596742.271(m) 0.012(m) 
         Y: -4299548.853(m) 0.034(m) -4299547.435(m) 0.034(m) 
         Z: 4417371.239(m) 0.035(m) 4417371.196(m) 0.035(m) 
 
       LAT: 44 6 58.97104 0.009(m) 44 6 59.00612 0.009(m) 
     E LON: 290 22 25.37591 0.009(m) 290 22 25.36536 0.009(m) 
     W LON: 69 37 34.62409 0.009(m) 69 37 34.63464 0.009(m) 
    EL HGT: -19.198(m) 0.049(m) -20.376(m) 0.049(m) 
 ORTHO HGT: 6.471(m) 0.049(m) [NAVD88 (Computed using GEOID09)] 
 
                        UTM COORDINATES STATE PLANE COORDINATES 
                         UTM (Zone 19) SPC (1802 ME W) 
Northing (Y) [meters] 4884989.800 142686.386 
Easting (X) [meters] 449886.421 943255.767 
Convergence [degrees] -0.43597699 0.37617563 
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 Point Scale 0.99963089 0.99998967 
Combined Factor 0.99963390 0.99999268 
 
US NATIONAL GRID DESIGNATOR: 19TDJ4988684989(NAD 83) 
 
 
 
                              BASE STATIONS USED 
PID DESIGNATION LATITUDE LONGITUDE DISTANCE(m) 
DJ7831 BRU5 BRUNSWICK 5 CORS ARP N435323.306 W0695647.662 35967.2 
AJ2693 YMTS MTS YARMOUTH COOP CORS ARP N434754.610 W0701120.298 57333.8 
AJ1830 BARN BARTLETT CORS ARP N440556.684 W0710934.400 122767.8 
DI1075 NHUN U NEW HAMPSHIRE CORS ARP N430833.179 W0705706.863 152149.8 
DK4107 VTD7 SAINT JOHNSBURY CORS ARP N442352.311 W0720132.393 194135.5 
DJ8957 VTOX BRADFORD CORS ARP N440028.165 W0720651.610 199699.4 
DJ8955 VTD9 DERBY CORS ARP N445703.499 W0720936.724 221712.2 
AF9563 VCAP VERMONT CAPITAL CORS ARP N441543.106 W0723456.555 236871.5 
DJ8961 VTSP SPRINGFIELD VT CORS ARP N431653.241 W0722839.238 247827.6 
 
                 NEAREST NGS PUBLISHED CONTROL POINT 
PE1229 V 44 N440652. W0693737. 221.9 
 
This position and the above vector components were computed without any  
knowledge by the National Geodetic Survey regarding the equipment or  
field operating procedures used. 
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Figure 4.7 Panel a shows the long profile at Head Tide dam with a historical dam in place and all discharges 
(Table 3.3; dotted lines above the water) with a millpond 8 m high extending 1 km upstream. Panel b illustrates a 
1.5 year recurrence interval flow and panel c shows a 10 year event in HEC-RAS XYZ perspective (top) and 
ArcGIS (bottom) with the historical dam and lidar cross sections. Panel d shows the long profile in modern 
conditions (notched dam) for all flows. Panel e illustrates the 1.5 year flow and panel f shows a 10 year flow 
(right) with the moderndam in place. Panel g shows a long profile with no dam in place (current lidar conditions), 
and shows no discernible millpond. Panel h shows the 1.5 year flow and panel i shows the 10 year event with no 
dam in place. Yellow lines in HEC-RAS panels show channel bank lines. Red lines in ArcGIS indicate the 
estimated millpond extent derived from lidar elevations. Flow is mapped in ArcGIS on top of a filtered lidar 
hillshade relief.
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Appendix III: Panel a shows the long profile at Head Tide dam with true channel bed elevations, showing a historical dam in 
place and all flows with a millpond 8 m high. Panel b illustrates a 1.5 year recurrence interval flow and panel c shows a 10 year 
event in HEC-RAS XYZ perspective (top) and ArcGIS (bottom) with the historical dam. Panel d shows the long profile in 
modern conditions (notched dam) for all flows. Panel e illustrates the 1.5 year flow and panel f shows a 10 year flow (right) 
with the modern dam in place. Panel g shows a long profile with no dam in place (current lidar conditions). Panel h shows the 
1.5 year flow and panel i shows the 10 year event with no dam in place. Yellow lines in HEC-RAS panels show channel bank 
lines. Red lines in ArcGIS indicate the estimated millpond extent derived from lidar elevations. Flow is mapped in ArcGIS on 
top of a filtered lidar hillshade relief. Cross sections use averaged field surveyed channel bed elevations and lidar-derived 
streambank elevations. Extent of flooding is accurate.
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Appendix III. Field-surveyed cross section HEC-RAS modeling results at Head Tide dam
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